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6.5  Results  of  load- unload  testing  a  EM  specimen  with  the  coarser  microstmcture  and  137 
an  ao/W  of  0.3  at  room  temperature,  (a)  load  versus  displacement  plot,  (b)  x-ray 
radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 
histogram. 
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6.6  Results  of  load- unload  testing  a  FM  specimen  with  the  finer  microstmcture  and  an 
a0/W  of  0.3  at  room  temperature,  (a)  load  versus  displacement  plot,  (b)  x-ray 
radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 
histogram. 

6.7  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstmcture  and  139 
an  ao/W  of  0.3  at  room  temperature,  (a)  load  versus  displacement  plot,  (b)  x-ray 
radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 
histogram. 

6.8  Results  of  load- unload  testing  a  FM  specimen  with  the  finer  microstmcture  and  an  140 
ao/W  of  0.3  at  room  temperature,  (a)  load  versus  displacement  plot,  (b)  x-ray 

radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 
histogram. 

6.9  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstructure  and  141 
an  ao/W  of  0.3  at  room  temperature,  (a)  load  versus  displacement  plot,  (b)  x-ray 
radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 
histogram. 

6.10  (a)  &  (b)  show  the  load- displacement  data  for  the  initial  test  and  the  restart  data,  142 
respectively.  The  x-ray,  thermal  image  and  c-scan  are  shown  in  (c),  (d),  and  (e).  The 
thermal  image  and  the  c-scan  show  evidence  of  damage. 


6. 1 1  (a)  shows  the  mechanical  behavior  for  the  initial  test  and  the  restart  data.  The  x-  143 
ray,  thermal  image  and  the  c-scan  are  shown  in  (b),  (c),  and  (d). 

6.12  Plot  showing  the  total  energy  calculated  from  the  area  under  the  curve  (loading  144 

portion)  up  to  the  failure  load. 

6.13  Plot  showing  the  energy  absorbed  at  various  loads  up  to  the  fracture  load  which  144 
is  the  work  of  fracture. 

6.14  (a)  Plot  showing  the  curve  fit  of  the  experimental  compliance  data  used  to  145 

predict  the  compliance  at  failure  for  the  material  with  the  smaller  microstructural 

features. 

6.14(b)  Plot  showing  the  curve  fit  of  the  experimental  compliance  data  used  to  145 

predict  the  compliance  at  failure  for  the  material  with  the  smaller  microstructural 

features. 


6.15  (a)  Plot  illustrating  how  the  estimated  failure  compliance  was  used  to  discount  the  146 
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elastic  energy  at  failure  for  the  material  with  the  smaller  cell  bundles. 

6.15  (b)  Plot  illustrating  how  the  estimated  failure  compliance  was  used  to  discount  146 

the  elastic  energy  at  failure  for  the  material  with  the  larger  cell  bundles. 

6.16  Qualitative  representation  of  the  results  from  the  mechanical  testing  and  the  147 

ultrasonic  c-scanning  for  the  specimens  loaded  to  35%,  65%,  77%  and  86%  of  the 
estimated  failure  load  for  the  material  with  the  smaller  microstructural  features. 

6.17  Qualitative  representation  of  the  results  from  mechanical  testing  and  ultrasonic  c-  148 
scanning  for  specimens  loaded  25%,  50%,  77%  and  94%  of  the  estimated  failure  load 

for  the  material  with  the  larger  cell  bundles. 

7.1  Micrograph  at  6.3x  of  SfN4-BN  fibrous  monolith  [-45/0/+45]s  156 

with  125pm  cells  (2- 1  mm  multi- filament  strands)  showing  crack  with  45°  orientation 
coming  from  the  notch. 


7.2  Schematic  showing  the  strategy  used  for  sectioning  tested  specimens.  156 

7.3  (a)  Micrograph  at  32x  of  showing  an  example  of  the  cracks  found  behind  the  157 

notch  in  the  case  of  each  single  load- unload  test. 

7.3  (b)  Micrograph  at  64x  of  illustrating  how  no  cracks  are  found  in  untested  notched  157 
specimens. 

7.4  (a),  (b),  and  (c)  Shows  a  crack  found  in  the  BN  around  the  notch  found  before  158 
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7.5  Micrograph  of  97-B49b  section  #1  after  polishing  down  through  the  notch.  There  159 
is  a  crack  adjacent  to  the  notch. 
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7.8  (a),  (b),  and  (c)  Shows  a  crack  which  appears  to  have  initiated  at  the  surface  in  161 

the  BN  and  was  deflected  at  the  junction  with  the  0°  ply. 

7.9  Microscopic  sections  compared  to  the  x-ray  radiograph.  Sketches  from  individual  162 
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7.10  Micrograph  illustrating  that  even  in  the  presence  of  processing  defects  (skewed 
cell  bundles)  the  preferred  crack  path  is  the  cell  bundles  and  at  the  defects  formed 
presumably  due  to  the  impinged  0°  cells 
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CHAPTER  1 


INTRODUCTION 


Fibrous  monolith  (FM)  ceramics  are  an  innovative  class  of  materials  that  possess 
attractive  qualities  for  aerospace  and  other  high  temperature  applications.  This  material  is 
designed  to  possess  enhanced  toughness  over  conventional  monolithic  ceramics  through  the 
addition  of  a  weak  interphase  and  is  fabricated  through  cost-effective  techniques.  Fibrous 
monoliths  are  textured  ceramics  that  contain  “cells”  of  a  strong  phase  which  are  separated  by  a 
weak  “cell  boundary”  phase.  A  schematic  representation  of  the  cell  and  cell  boundary 
structures  of  the  FMs  are  shown  in  Figure  1.1.  Coblenz1  introduced  the  pioneering  work  on 
FMs  in  a  patent  in  1988.  FM  processing  technology  was  later  developed  at  the  University  of 
Michigan  in  the  early  1990’ s2.  Mature  processes  for  commercial  development  of  FMs  were 
then  optimized  by  the  University  of  Michigan  and  Advanced  Ceramics  Research,  Inc.  under  a 
DARPA  Advanced  Materials  Processing  initiative3"4. 

The  flexure  behavior  of  FMs  is  well  documented  by  tests  conducted  at  the  University  of 
Michigan  during  the  various  stages  of  material  development.  Results  of  those  studies 
qualitatively  show  that  FMs  exhibit  "graceful"  or  non- catastrophic  failure  in  bending5'18. 

However,  design  for  potential  aerospace  applications  will  require  a  vast  knowledge  of  the 
material  properties  with  respect  to  the  processing  and  microstructure.  Material  properties  under 
other  loading  conditions  such  as  tension,  fatigue,  and  stress  rupture  will  be  required,  and  these 
properties  will  need  to  be  measured  for  a  range  of  temperatures.  Information  about  the  material 
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behavior  in  the  presence  of  stress  concentrators,  similar  to  those  in  structural  applications,  at 


attachment  points  or  at  service  damaged  areas  will  also  be  required. 

The  cell  size  in  the  FM  microstructure  is  also  expected  to  influence  the  fracture 
resistance  of  fibrous  monolith  materials.  When  comparing  two  microstmctures  with  differing  cell 
sizes  but  identical  volume  fractions  of  the  constituent  phases,  the  material  with  the  smaller  cell 
size  will,  by  necessity,  contain  more  cells  with  thinner  boundaries.  See  Figure  1.2  (a)  and  1.2 
(b)  for  schematic  drawings  that  illustrate  this  concept  using  two  different  sized  circles.  Hie 
circles  shown  in  (a)  are  twice  the  size  of  those  in  (b)  but  represent  equivalent  area  fractions. 

The  regions  between  the  circles  in  1.2  (b)  are  thinner  compared  to  1.2  (a). 

Assuming  that  critical  flaws  scale  with  some  aspect  of  the  microstructure,  such  as  grain 
size  in  a  metal  or  monolithic  ceramic,  and  fiber  tow  size  or  weave  architecture  in  a  composite, 
one  would  expect  to  achieve  better  mechanical  properties  with  a  finer  structure.  By  analogy, 
one  might  expect  the  filament  diameter  or  bundle  size  to  play  a  dominant  role  in  FMs. 

However,  the  processing  of  finer  filaments  using  the  current  FM  technology  and  standard 
ceramic  powders  can  lead  to  rheology  and  handling  problems  not  encountered  with  larger 
filaments.  One  manifestation  of  this  are  thin  and/or  discontinuous  cell  boundaries  that  can  result 
from  the  fine  orifices  and  multiple  extrusions  needed  to  produce  FMs  with  finer  filaments.  Cell 
boundaries  that  are  too  thin,  or  discontinuous,  could  adversely  affect  the  toughness  leading  to  a 
cell  size  threshold  for  toughness5"8,  n’ 14, 16"19. 

The  intent  of  this  program  was  to  quantify  the  advantages  of  fibrous  monoliths  over 
monolithic  ceramics,  and  to  evaluate  the  effect  of  cell  size  on  the  mechanical  performance.  The 
material  investigated  was  a  S^N^BN  fibrous  monolithic  ceramic  along  with  a  monolithic  or  neat 
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S13N4  ceramic.  Two  different  microstmctures  of  the  S%N4-BN  FM  materials  were  tested,  one 


with  a  125  pm  cell  size  and  one  with  a  250  pm  cell  size.  Mechanical  testing,  non-destmctive 
evaluation,  and  analysis  were  used  to  meet  the  objectives  of  the  research.  Fast  fracture  tensile 
tests  were  performed  on  all  test  materials  using  both  unnotched  and  modified  single -edge 
notched  specimens  with  various  notch  length- to- width  ratios.  Tests  were  performed  either  by 
continuous  loading  to  failure,  or  by  cyclic  loading.  A  comparison  of  the  fracture  behavior  for  the 
different  materials  was  made  using  work  of  fracture  measurements  and  observations  about  the 
damage  progression  through  nondestructive  evaluation  (NDE)  techniques  and  microscopy. 

NDE  techniques  employed  include  x-ray  radiography,  infrared  thermal  imaging,  c-scan 
ultrasonics,  and  acoustic  emission.  Microscopic  observations  were  also  made  on  polished 
sections  to  characterize  the  damage. 
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Figure  1.1  Schematic  representation  of  a  single  filament  coextruded  fibrous  monolith. 
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(b) 


Figure  1.2  Schematic  of  structures  with  identical  fractions  of  circles  to  total  area.  The  circles  in 
(a)  are  twice  as  large  as  those  shown  in  (b).  The  area  between  the  circles  in  (b)  is  thinner 

compared  to  (a). 
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CHAPTER  2 


LITERATURE  REVIEW:  FIBROUS  MONOLITHS 


Ceramics  have  long  been  recognized  as  a  class  of  materials  with  widespread  potential 
for  high- temperature  applications.  Modem  structural  ceramics  combine  the  benefits  of  high 
specific  properties  and  corrosion  resistance  at  temperature  but  suffer  from  low  toughness. 
Increased  demands  for  performance  improvements  in  aerospace  applications  and  cost  effective 
solutions  in  commercial  applications  will  require  the  use  of  ceramics  and  their  derivatives. 
Therefore,  significant  research  has  been  directed  at  improving  the  toughness  of  ceramic 
materials  through  alterations  in  material  processing  and  design  of  the  microstructure. 

2.1  The  Fibrous  Monolith  Concept 

The  drive  for  better  ceramic  processing  technology  brought  about  a  concept  by  Cook 
and  Gordon20  for  a  “fiber- less  toughened"  structural  ceramic  material  which  exploited  weak 
interfaces  to  control  crack  deflection  in  brittle  systems.  More  recent  work  has  been  done  based 
on  this  concept  by  Coblenz1  in  1988,  who  originated  a  method  for  fabricating  a  toughened, 
pressure- less,  sinter-able,  fibrous  material,  called  a  fibrous  monolithic  ceramic.  Coblenz1  made 
fibers  through  conventional  powder  techniques  in  which  a  cotton  fiber  was  infiltrated  with  AI2O3 
and  subsequently  coated  with  Ti()2  slurry.  The  fibers  were  then  warm  pressed  into  a  ceramic 
preform  and  sintered.  A  similar  approach  to  make  a  tough  ceramic  using  a  layered  concept  was 
demonstrated  by  Clegg,  et.  al. 21  who  coated  SiC  green  sheets  and  used  pressure- less  sintering 
to  make  a  tough  SiC  monolith  with  high  strength. 
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Most  recently,  Halloran2  of  the  University  of  Michigan,  developed  a  processing 
technique  to  fabricate  a  similar  material  as  was  introduced  by  Coblenz1 .  A  number  of  different 
toughened  materials  with  a  similar  fibrous  texture  as  Coblenz  have  been  made  using  green  fiber 
extrusion  techniques5.  Thus  the  name  "fibrous  monolith  ceramic"  was  adopted  to  refer  to  this 
material  as  well. 

Modem  fibrous  monoliths  are  best  described  as  textured  ceramics  since  they  contain 
"cells"  of  a  strong  phase  which  are  separated  by  a  weak  "cell  boundary"  phase.  The  weak 
interface  ideally  allows  for  enhanced  toughness,  by  absorbing  crack  energy  and  redirecting  the 

f  /  O  IA  1-710  AA 

crack  path  parallel  to  the  reinforcing  phase  rather  than  through  it  " '  '  "  ’ "  .  A  increase  in 

toughness  is  usually  made  at  the  expense  of  strength  and  stiffness.  Some  examples  of  the  cell 
and  cell  boundary  materials  that  have  been  produced  include  SiC-BN,  SiC -graphite,  Si3N4- 
BN,  Z1B9-BN,  HfB2-BN,  TiB2-BN,  Al203-Ni,  Al203-Ni-2Cr,  and  Y-Zr02-Ni5"6’8"10'  18. 


2.2  Processing  Fibrous  Monoliths 

Several  processing  techniques  have  been  developed  at  the  University  of  Michigan  to 
fabricate  fibrous  monolith  ceramics.  Ceramic  powder  of  the  primary  constituent  is  first 
compounded  with  a  thermoplastic  polymer  binder.  The  compounded  mix  is  either  dry- spun  into 
green  fibers  or  compression  molded  into  a  cylindrical  feedrod  which  is  extruded  to  form  a  green 
fiber.  The  cell  boundary  material  is  applied  to  the  dry  spun  green  fibers  by  dip- coating  in  a 
slurry5"9' B.  For  the  feedrod  technique,  a  cladding  of  the  cell  boundary  material  is  applied  to  the 
feedrods  and  both  materials  are  then  coextruded10’ 12, 14"15,  18,22"23. 
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The  individual  coated  green  filaments  can  then  be  laid- up  in  the  desired  architecture  and 


warm  pressed  into  a  block.  Alternatively,  single  coextruded  filaments  can  be  bundled  together 
and  then  re-extruded  to  form  a  multi- filament  coextruded  structure23.  The  schematic  shown  in 
Figure  2.1  represents  the  multi- filament  coextruded  structure.  The  cell  bundles  can  be  laid-up 
into  various  architectures  as  well.  The  warm  pressed  block  undergoes  a  binder  burnout  process 
and  is  densified  via  sintering  or  hot  pressing. 

2.3  Mechanical  Properties  of  Fibrous  Monoliths 

Preliminary  studies  at  the  University  of  Michigan  on  mechanical  properties  of  fibrous 
monoliths  have  been  performed5"16' 18"19' 22  24"25.  These  studies  were  limited  to  flexure  on  the 
most  promising  structural  material,  Si;N4-  BN..  The  effects  of  constituent  phase  volume 
fraction,  interfacial  properties,  submillimeter  stmcture  morphology,  test  conditions,  and  cell 
architecture,  on  the  flexure  behavior  were  investigated.  Existing  analytical  models  were  used  to 
describe  the  behavior  and  to  predict  the  flexure  properties  of  these  materials.  In  addition,  a 
limited  study  on  the  tensile,  fatigue,  and  creep  behavior  was  performed  at  Wright- Patterson  Air 
Force  Base  under  a  DARPA  initiative. 

2.3.1  Flexure  Behavior 

Fibrous  monolith  (FM)  materials  exhibit  non- catastrophic  failure  in  flexure5"16, 18, 19,22-  A 
typical  load- displacement  trace  obtained  for  a  unidirectional  fibrous  monolith  material  during 
flexure  testing  in  displacement  control  exhibits  linear- elastic  behavior  until  an  initial  load  drop, 
with  subsequent  peaks  in  load  continuing  out  to  large  displacements.  Such  behavior 
demonstrates  that  fibrous  monoliths  have  the  ability  of  continued  load- bearing  capability  after 
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failure  is  initiated.  Failure  of  fibrous  monoliths  in  flexure  can  be  initiated  by  either  tensile  stresses 


or  by  shear  stresses.  The  subsequent  graceful  failure  of  these  materials  is  due  to  crack 
deflection  at  the  cell/cell  boundary  interfaces  and  shear  delamination  of  the  cell  boundaries. 
These  mechanisms  depend  on  the  fraction  and  stmcture  of  the  constituent  phases  (Si3N4  and 
BN),  the  test  conditions,  and  the  architecture  of  the  material. 

2.3. 1.1  Flexure  Behavior  as  a  Function  of  Cell  Fraction 

A  study  of  the  apparent  flexure  strength  of  S1;N4-BN  FM  as  a  function  of  cell  traction 
showed  that  the  strength  was  increased  while  the  work  of  fracture  was  decreased  with  an 
increased  fraction  of  S1(N412.  Thus,  it  was  shown  that  the  strength  is  dependent  on  the  fraction 
of  the  continuous  phase  in  the  uniaxial  direction.  The  work  of  fracture,  however,  did  not  show  a 
linear  trend  with  amounts  of  the  weak  BN  phase.  Instead,  it  was  found  to  be  greatest  for  the 
material  consisting  of  80%  SfN4  -  20%  BN  due  to  a  combination  of  substantial  strength  and 
extensive  crack  deflection  resulting  in  high  fracture  resistance.  Based  on  various  studies10' 12,  it 
was  predicted  that  a  ratio  of  approximately  85%  S1(N4  to  15%  BN  would  provide  for  the 
optimum  balance  of  properties. 

Studies  have  also  been  conducted  to  look  at  the  effect  of  additions  of  ShN4  to  the  BN 
boundary  phase14' 18' 19.  The  studies  showed  that  addition  of  ShN4  to  the  BN  interphase 
increased  the  interfacial  fracture  strength  of  the  material,  but  decreased  the  extent  of  crack 
deflection  and  delamination14.  Specimens  with  pure  BN  in  the  interphase  showed  extensive 
crack  deflection  and  splintering  and  retained  a  significant  load  following  the  initial  load  drop19. 
The  specimens  with  up  to  40%  S1(N4  by  volume  in  the  interphase  exhibited  a  slight  increase  in 
strength,  yet  a  smaller  retained  load  after  the  initial  load  drop  and  limited  crack  deflections.  The 
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specimens  with  the  largest  fraction  of  Si;N4  in  the  interphase  showed  the  highest  strengths  but 


showed  little  or  no  crack  deflection. 

Those  results  contradict  the  model  of  He  and  Hutchinson26  that  predicts  the  conditions 
for  crack  deflection  at  the  interphase  boundary.  The  basis  for  their  prediction  is  the  interfacial 
fracture  resistance  and  the  elastic  mismatch  of  the  reinforcing  and  interphase  materials.  Kovar 
et.al19  suggested  that  the  discrepancy  was  due  to  crack  deflection  and  propagation  mechanisms 
occurring  within  the  BN  material  and  not  at  the  SiN4-BN  interface.  Cracks  were  observed  to 
grow  into  the  BN  phase,  and  then  be  deflected  numerous  times  within  the  interphase  boundary, 
while  propagating  parallel  to  the  cells.  Thus,  the  material  property  which  governs  crack 
deflection  was  found  to  be  the  fracture  resistance  of  the  BN  both  parallel  and  perpendicular  to 
the  cell  boundary.  A  lower  bound  value  of  fracture  resistance  measured  for  BN  perpendicular 
to  the  cell  axis  was  approximately  120  J/m2  compared  to  30  J/m2for  the  direction  parallel  to  the 
cell  axis18' 19.  That  study  by  Kovar  et.  al. 19  confirmed  that  the  morphology  of  the  BN  on  a 
submillimeter  scale  can  also  affect  the  extent  of  crack  deflection  and  delamination  cracking.  The 
observation  that  crack  deflection  was  retained  within  the  BN  boundary  is  indicative  of  the 
anisotropy  in  fracture  resistance  that  exists  as  a  result  of  the  BN  morphology.  The  BN  has  a 
plate- like  structure  (similar  to  graphite)  which  ideally  becomes  aligned  parallel  to  the  SfN4  cells 
during  coextmsion  and/or  during  hot  pressing.  When  the  (0001)  basal  planes  of  the  BN  grains 
are  aligned  parallel  to  the  cell  wall,  the  greatest  fracture  resistance  is  in  the  [0001]  direction. 

The  degree  to  which  this  anisotropic  structure  forms  is  thought  to  be  directly  related  to  the 
processing18' 27 ' 28. 
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It  has  also  been  suggested  that  defects  which  form  as  a  result  of  processing  can 


influence  the  alignment  of  the  BN  platelets  and  can  alter  the  fracture  deflection  capability  of  the 
cell  boundary  phase17' 18'27.  For  example,  rough  or  jagged  Si;N4  cells,  which  are  sometimes 
produced  when  fabricating  multi- filament  coextruded  materials,  can  skew  the  orientation  of  the 
BN  grains  with  respect  to  the  cell.  The  flaws  created  by  misalignment  could  allow  a  crack  to 
kink  out  of  the  boundary  and  into  the  reinforcing  cells.  The  worst  case  would  be  when  the  cell 
boundaries  are  thin  or  discontinuous.  This  type  of  defect  can  also  be  created  due  to  flow 
instabilities  during  extrusion. 

Another  major  feature  of  the  submillimeter  structure  which  affects  the  fracture  resistance 
and  the  crack  deflection  within  the  BN  interphase  is  the  presence  of  microcracks.  TEM  studies 
by  Trice  and  Halloran27  revealed  that  the  BN  posses  extensive  microcracks  which  separate  the 
(0001)  basal  planes  of  the  BN  platelets  into  layers.  The  occurrence  of  microcracking  during 
processing  is  attributed  to  the  coefficient  of  thermal  expansion  (CTE)  anisotropy  in  the 
directions  parallel  and  perpendicular  to  the  basal  planes  of  the  BN  structure18.  The  presence  of 
the  microcracks  are  thought  to  allow  for  a  propagation  mechanism  based  on  linkage  of  the  pre¬ 
existing  cracks  and  subsequent  cleaving  of  the  basal  oriented  BN  grains  about  the  uncracked 
ligaments27. 

The  studies  of  Trice  and  Halloran27  also  showed  that  there  exists  an  amorphous  phase 
within  both  the  Si3N4  cells  and  the  BN  cell  boundary  brought  about  by  the  use  of  sintering  aids 
in  the  Si3N4  during  processing27"24.  The  presence  of  the  glassy  phase  effects  the  behavior  by 
acting  to  bridge  cracks  in  the  cell  boundaries  and  producing  a  toughening  effect. 
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2.3. 1.2  Flexure  Behavior  as  a  Function  of  Test  Condition 


Behavior  of  the  S%N4-BN  materials  can  be  influenced  by  the  test  conditions.  In  flexure, 
the  length  between  the  loading  pins  of  the  testing  apparatus  compared  to  the  thickness  of  the 
specimen  can  affect  the  ratio  of  tensile  to  shear  stresses.  In  turn,  this  ratio  dictates  the  failure  as 
being  tensile  or  shear.  This  phenomenon  was  demonstrated  by  Popovich  et.  al. 1 1  for  fibrous 
monoliths.  He  showed  that  the  failure  mechanism  changed  from  tensile  to  shear  by  changing 
span  depth  of  the  loading  pins  for  a  uniaxial  SiC-  graphite  fibrous  monolith  material,  and  showed 
also  showed  that  this  change  rarely  occurs  in  the  SyNU-BN  materials. 

The  test  temperature  also  has  a  large  influence  on  the  failure  initiation  and  propagation 
mechanisms.  Hilmas12  showed  that  the  apparent  flexural  strength  of  a  uniaxial  S1N4-BN  with 
20%  BN  was  maintained  from  room  temperature  to  1000°C,  but  fell  by  about  40%  at  1200°C. 
This  observed  drop  in  strength  was  attributed  to  the  oxide  sintering  aids  added  to  the  Si;N4 
material.  During  processing,  an  undesirable  glassy  phase  forms  in  the  grain  boundaries,  making 
them  unstable  at  the  higher  test  temperatures.  These  tests  also  showed  an  inverse  relationship 
for  work  of  fracture  with  increasing  temperature. 

Trice  and  Halloran27"29  compared  the  behavior  of  a  uniaxial  SIN4-BN  FM  over  the 
temperature  range  from  room  temperature  to  1400°C.  The  load- displacement  behavior  was 
shown  to  be  linear-  elastic  up  to  the  first  load  drop  at  test  temperatures  up  to  1300°C.  Values 
for  work  of  fracture  measured  in  this  study  were  shown  to  increase  slightly  with  increasing 
temperature  up  to  1000°C,  but  then  decreased  again  up  to  1400°C.  They  determined  that  the 
material  exhibits  a  similar  degree  of  crack  deflection  at  1000°C  as  seen  for  room  temperature. 
However,  the  delamination  distances  were  longer  at  1000°C  than  at  room  temperature.  It  was 
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thought  that  softening  of  the  oxide  glassy  phase  present  from  the  processing  allowed  for  longer 


crack  extension.  It  was  also  observed  that  the  fracture  morphologies  changed  from  tensile 
stress  initiated  to  shear  stress  initiated  at  1 100°C,  as  indicated  by  a  change  in  compliance  on  the 
load- displacement  curves.  It  was  suggested  that  the  observed  behavior  resulted  from  a 
decrease  in  strength  of  the  BN  at  1 100°C. 

2.3. 1.3  Flexure  Behavior  as  a  Function  of  Architecture 

The  cell  architecture  in  the  Si;N4-BN  fibrous  monolith  material  has  also  been  shown  to 
effect  the  fracture  characteristics.  Popovich  et.  al. 15  showed  that  a  relationship  exists  in  flexure 
between  strength  and  work  of  fracture  with  the  amount  of  cell  phase  in  the  0°  direction  in  ShN4- 
BN  FM's.  They  considered  materials  with  a  uniaxial  and  a  biaxial  multi- filament  structure  as 
well  as  materials  with  random  chopped  and  woven  mono- filaments.  The  woven  material  had 
20%  cells  in  the  445  direction.  Uniaxial  material  was  tested  in  both  the  0°  and  90°  orientations. 

The  uniaxial  material  tested  in  the  0°  direction,  parallel  to  the  tensile  surface,  had  the 
highest  strengths  and  largest  work  of  fractures  whereas  the  material  tested  90°  off-axis  was  the 
weakest  and  showed  little  fracture  resistance.  Strengths  for  the  biaxial  material,  the  chopped 
fiber,  and  the  woven  material  were  approximately  the  same  at  an  intermediate  value  between  the 
uniaxial  on- axis  and  off-axis  strengths.  The  work  of  fracture  was  greatest  for  the  chopped  fiber 
material  and  was  approximately  the  same  as  for  the  on- axis  uniaxial  material.  The  woven 
material  had  the  lowest  work  of  fracture,  followed  bythe  uniaxial  material  tested  90°  off-axis. 
The  fracture  resistance  of  the  biaxial  material  fell  in-between  the  highest  and  lowest  values.  It 
was  concluded  that  in  flexure  there  is  a  positive  relationship  to  the  fraction  of  cells  parallel  to  the 
tensile  surface  and  the  properties  obtained. 
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King17  also  demonstrated  the  influence  of  cell  architecture  on  the  mechanical  behavior  of 
Si4N4-BN  fibrous  monoliths.  He  looked  at  uniaxial,  biaxial,  and  several  cross-ply  architecture 
including  [+10],  [0/+50],  and  [0A45/90]  in  bending.  He  tested  uniaxial  material  at  various 
angles  with  respect  to  the  tensile  plane.  The  uniaxial  material  tested  on- axis  had  the  highest 
strength  and  modulus.  At  10°  off-axis,  the  results  were  similar.  Between  angles  of  10°  and  45° 
off-axis  the  strengths  of  the  uniaxial  material  dropped  off  rapidly  to  a  minimum  value  when 
tested  90°  off-axis. 

The  strength,  modulus,  and  work  of  fracture  for  the  various  architectures  reported  by 
King17  are  shown  in  Table  2.1.  This  data  show  that  the  strength  and  work  of  fracture  increases 
as  the  fraction  of  plies  in  the  0°  direction  is  increased.  The  exception  is  the  angle  ply  material 
with  cells  in  the  +10°  direction,  which  behaved  similarly  to  the  uniaxial  material. 


Architecture 

Ex  (GPa) 

PL  (MPa) 

Unidirectional  - 
(0°) 

276±1 

449+1 00 

7340±1 540 

- 

Cross-Ply  - 

(0790°) 

1 98±2 

334+35 

639C+930 

-  180 

Angle-Ply  - 
(±10°) 

262+2 

434±82 

8290±1 060 

- 

Quasi-Isotropic 
-  (07+60°) 

205±2 

345±30 

3200f440 

-  140 

Quasi-Isotropic 
-  (0°/±45790°) 

202±3 

255±22 

380C+770 

-  140 

Table  2.1  Data  reported  by  King17  for  Si4N4-BN  fibrous  monolith  materials  in  flexure. 

The  uniaxial  material  tested  by  King17  exhibited  linear  behavior  until  the  first  load  drop, 
followed  by  subsequent  load  peaks,  out  to  large  displacements  associated  with  delamination 
cracking  and  pull-out  of  fractured  cells.  The  fracture  associated  with  the  first  load  drop  was 
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tensile  initiated  cell  fracture.  Failure  of  the  cells  occurs  when  the  cell  boundary  material  has  a 


locally  high  fracture  resistance  compared  to  the  cell  material.  The  continued  load- carrying 
capability  shows  that  failure  of  individual  cells  does  not  preclude  failure  of  the  entire  tensile 
surface  as  would  be  the  case  in  monolithic  or  layered  ceramics.  Load  transfer  mechanisms 
usually  described  for  fiber- reinforced  composites30"33  are  presumably  allowing  for  continued 
load- carrying  capability  until  the  entire  layer  of  cells  fails.  The  cross-sectional  area  is  then 
reduced,  but  continued  crack  deflection,  shear  delamination,  and  global  load  sharing  allow  for 
continued  loading  to  large  deflections  until  failure  of  the  remaining  plies. 

The  material  with  +10°  plies  showed  similar  behavior  and  fracture  characteristics  to  the 
uniaxial  material.  The  load- deflection  curve  was  linear- elastic  to  the  peak  load.  At  the  peak 
load,  failure  of  the  cell  boundary  along  the  tensile  surface  was  initiated.  Tensile  failure  of  the  cell 
boundaries  was  shown  to  be  typical  in  materials  with  off-axis  oriented  cells  on  the  tensile 
surface.  The  strength  of  the  ply  is  dictated  by  the  strength  of  the  relatively  weak  BN  interphase. 
Failure  of  the  specimen  in  this  case  occurred  after  extensive  delamination  cracking,  resulting  in 
high  values  for  work  of  fracture. 

The  biaxial  ([0/90])  material  exhibited  slight  non-linearity  prior  to  the  peak  load.  Failure 
initiation  occurred  at  the  cell  boundary  between  0°  and  90°  layers  followed  by  delamination 
between  the  ply  layers.  The  multi- directional  materials  exhibited  behavior  close  to  that  of  the 
biaxial  material.  The  material  with  the  [0/+60]  architecture  exhibited  an  even  greater  degree  of 
non-linearity  before  reaching  the  peak  load.  Fracture  was  initiated  in  the  cell  boundaries  in  the 
60°  plies  below  the  tensile  surface.  Failure  of  the  0°  plies  occurred  through  the  cells  at  a  60° 
angle. 
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The  quasi- isotropic  material  with  a  [0/445/90]  architecture  showed  the  most  extreme 


case  of  non-linearity  in  the  load- displacement  trace.  Like  the  [0/+60]  material,  the  failure  was 
found  to  have  initiated  at  the  BN  boundary  in  the  off-axis  piles  below  and  progressed  along  a 
line  that  was  45°  to  the  axial  direction.  It  was  shown  that  when  the  material  is  multi- directional, 
having  uniaxial  and  misaligned  cells,  tensile  failure  occurred  by  both  cell  boundary  and  cell 
fracture.  When  the  material  had  cells  oriented  uniaxially  on  the  tensile  surface,  the  failure 
initiated  in  the  cell  boundaries  and  the  ply  failure  was  precluded  by  cell  fracture  along  a  line 
equal  to  the  orientation  of  the  cells  below. 

The  non-linear  behavior  in  the  multi- directional  fibrous  monoliths  measured  by  King17 
was  attributed  to  microcracking  and  failure  of  the  BN  cell  boundaries  in  the  off-axis  plies  well 
before  failure  of  the  uniaxially  aligned  plies.  The  quasi- isotropic  material  showed  a  greater 
extent  of  non-linearity  as  there  is  a  greater  number  of  off-axis  plies  than  for  the  biaxial  and  [0/ 
460]  architectures.  In  these  materials,  as  well  as  in  the  +10°  material,  a  relatively  high  work  of 
fracture  was  evident.  It  was  suggested  that  the  high  fracture  energies  were  possible,  even  with 
the  premature  failure  of  the  off-axis  plies,  due  to  frictional  sliding  mechanisms17"19'25. 

2.3. 1.4  Modeling  Flexure  Behavior  of  Fibrous  Monoliths 

Application  of  existing  models  to  predict  the  properties  and  to  describe  the  behavior  of 
the  SyNU-BN  fibrous  monolith  material  in  flexure  has  been  considered.  Work  has  been  done  to 
predict  the  elastic  properties  of  unidirectional  materials,  and  to  extend  those  predictions  to 
arbitrary  microstructures.  In  addition,  there  has  been  some  focus  on  modeling  the  mechanisms 
which  govern  energy  absorption.  So  far  no  existing  models  accurately  describe  the  dominant 
mechanisms  of  failure  which  are  thought  to  include  delamination  cracking  and  frictional  sliding. 
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King17  demonstrated  the  use  of  modified  equations  from  laminate  theory  to  predict  the 
elastic  properties  of  uniaxial  SfN4-BN  fibrous  monolith  material  in  flexure.  He  used  a  “brick 
model”  to  calculate  the  longitudinal  and  transverse  elastic  moduli  for  the  uniaxial  material.  Hie 
model  treats  the  cross-section  as  a  grid  of  squares  which  combines  the  elastic  elements  in  series 
and  in  parallel.  The  values  predicted  by  this  model  were  compared  with  the  values  of  modulus 
measured  experimentally  by  an  ultrasonic  impulse- excitation  technique.  The  values  of  Ej  and  E2 
were  predicted  within  3%  of  the  experimental  value  in  each  case.  In  addition,  King  applied  the 
Voigt  and  Reuss  models  from  laminate  theory  for  the  longitudinal  and  transverse  moduli.  The 
Voigt  model,  or  the  rule-of-mixtures  approach,  also  predicted  the  Young’s  modulus  within  3% 
of  the  experimental  values.  The  Reuss  model,  in  which  uniform  stress  to  elastic  elements  are 
connected  in  series  only,  underestimated  the  Young’s  modulus  but  served  as  a  lower  bound  for 
the  transverse  modulus. 

Modified  equations  from  laminate  theory  for  prediction  of  Young’s  modulus  as  a 
function  of  ply  angle  were  applied  for  a  uniaxially  aligned  architecture  as  well  as  for  multiaxial 
architectures.  The  calculations  were  in  terms  of  Ei,  E2,  G12,  and  ^12,  the  values  of  which  were 
predicted  in  the  earlier  described  models.  Results  from  the  modulus  predictions  in  terms  of  ply 
angle  and  multiaxial  architectures  showed  good  agreement,  within  2.5%,  of  the  experimentally 
measured  values  shown  in  Table  2.1. 

The  laminate  theory  models  were  taken  a  step  further  by  King17  to  predict  the  failure 
behavior  of  the  multidirectional  Si4N4-BN  fibrous  monoliths.  An  upper  bound  calculation  of  the 
flexural  strength  was  made  using  the  Maximum  Stress  failure  criterion  assuming  no  loss  in 
modulus  prior  to  the  peak  load.  The  lower  bound  calculation  used  the  same  criterion  but  used 
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an  iterative  procedure  to  eliminate  plies  that  exceeded  the  stress  established  by  the  Maximum 


Stress  criteria.  The  apparent  strength  for  the  biaxial  material  was  predicted  adequately  by  the 
upper- bound  technique.  The  results  for  the  [0/460]  and  the  [0A45/90]  architectures  were  over 
predicted  by  the  upper  bound  technique  by  25-30%  and  the  lower  bound  technique  under 
predicted  the  apparent  flexural  strengths  by  nearly  the  same  amount.  The  discrepancies  for  the 
quasi- isotropic  materials,  the  [0/+60]  and  the  [0A45/90]  architectures,  were  identified  with  the 
assumptions  made  about  the  damage  accumulation.  The  experimental  observations  suggest  that 
for  those  two  materials,  a  large  amount  of  microcracking  in  the  off-axis  layers  occurs  before  the 
peak  load,  and  therefore  was  not  modeled  correctly  in  either  treatment. 

Other  attempts  to  predict  the  fracture  behavior  of  the  ShN4-BN  fibrous  monolith 
materials  have  been  to  describe  the  dissipative  mechanisms  of  failure.  The  treatment  of  Folsom 
et.  al.31  which  calculates  the  energy  absorption  due  to  cracking  for  laminates  were  applied  to 
fibrous  monoliths.  This  approach  incorporated  the  fracture  energy  of  the  reinforcement  phase, 
the  interfacial  fracture  energy  and  the  cracked  area  created.  Cracks  in  both  the  cells  and  the 
cell  boundaries  were  taken  into  consideration  by  adding  their  contributions. 


Wc  =  WL  +  Wi 


=  rAl  +  rA31 

where 

WL  =  absorbed  energy  from  cracking  cells 

W;  =  absorbed  from  cracking  in  the  cell  boundaries 

Pl=  fracture  resistance  of  the  cells 

Pi  =  fracture  resistance  of  the  cell  boundaries 

Al  =  the  cell  area 

A;  =  the  interfacial  area 
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It  was  found  using  the  cell  and  interfacial  fracture  energy  values  measured  by  Kovar  et.al. 19  and 
using  the  total  possible  crack  area  for  a  typical  specimen  size,  the  work  of  fracture  predicted 
was  30%  to  35%  less  than  that  measured  by  King17. 

Two  main  discrepancies  were  found  with  this  approach.  One  discrepancy  is  the 
implication  that  increasing  the  interfacial  fracture  resistance  will  increase  the  energy  absorption 
capability.  It  was  shown  by  Kovar  et.  al19  that  increasing  the  interfacial  fracture  of  the  BN 
phase  decreases  the  delamination  crack  length.  It  has  been  suggested  that  the  behavior  seen  by 
Kovar  et.  al. 19  may  be  due  to  a  mechanism  termed  crack  kinkingls.  Delamination  cracks  are 
thought  to  kink  out  of  the  BN  interphase  into  the  cell  phase  if  a  flaw  greater  than  a  critical  size  is 
encountered  in  either.  An  increased  interfacial  fracture  resistance  in  the  BN  could  be 
considered  such  a  flaw. 

The  other  discrepancy  in  using  this  approach  alone  was  that  it  severely  underestimated 
the  work  of  fracture.  Kovar  et.  al.25  suggested  that  in  addition  to  crack  area  creation,  energy 
absorption  may  also  be  due  to  the  frictional  sliding.  After  failure  initiation,  continued  crack 
propagation  dictates  that  remaining  plies  slide  relative  to  one  another.  The  energy  due  to  sliding 
is  then  dependent  on  the  number  of  plies  or  cells  that  are  slipping,  the  distance  slipped,  and  the 
frictional  sliding  resistance  for  cracked  cell  boundaries. 

Ws  =  n§\lXs18’25 

where 

Ws  =  absorbed  energy  due  to  frictional  sliding 
n  =  the  number  of  cell  slipping 
§=  the  distance  slipped 

Xs  =  the  frictional  sliding  resistance  for  cracked  cell  boundaries 

Using  the  assumption  that  the  maximum  number  of  cell  boundaries  are  cracked,  the  results 
indicated  the  energy  due  to  sliding  is  similar  to  that  due  to  the  creation  of  crack  area.  Using  the 
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contribution  (Total  energy  =  Wc  +  Ws )  from  both  techniques,  a  more  realistic  work  of  fracture 


was  predicted. 

2.3.2  Tensile,  Fatigue,  and  Creep  Rupture  Behavior 

Knowledge  of  the  behavior  for  the  ShN4-BN  fibrous  monolith  system  is  limited  to 
flexure.  Possible  applications  pertinent  to  the  Air  Force  will,  however,  require  a  larger 
knowledge  base  of  the  mechanical  properties  of  this  material.  Limited  studies  of  the  tensile, 
fatigue,  and  creep  behavior  of  the  S^N/t-BN  system  have  been  performed  by  the  Air  Force  and 
by  the  main  manufacturer  of  the  material,  ACR  Inc. 

Staehler34  performed  a  limited  number  of  tests  on  several  Si;N4-BN  materials  in  tension, 
fatigue  and  creep  rupture.  The  materials  tested  included  an  uniaxial  multi- filament,  biaxial  multi¬ 
filament,  and  a  [0/45/90/- 45/0/45/90/- 45/0/90] s  quasi- isotropic  mono-filament  material.  Two 
different  uniaxial  multi- filament  materials  were  tested;  one  fabricated  with  1-1  mm  strands  for  a 
nominal  cell  size  of  50  pm,  and  the  other  with  2- 1  mm  strands  for  a  cell  size  of  125  pm.  The 
biaxial  multi- filament  material  also  had  2- 1  mm  strands  with  125  pm  cells.  The  quasi- isotropic 
mono-filament  had  a  nominal  cell  size  of  150-200  pm  and  had  been  hot-pressed  at  about  half 
the  pressure  used  to  consolidate  the  uniaxial  and  the  biaxial  materials.  All  of  the  materials  were 
manufactured  to  have  a  volume  fraction  of  85%  SisN4  and  15%  BN. 

Fast  fracture  tensile  tests  were  performed  at  room  temperature  and  1 150°C.  Fatigue 
and  creep  rupture  were  performed  at  1000°C  and  1 150°C.  Nominal  values  reported  by 
Staehler34  for  the  various  materials  and  test  conditions  are  shown  in  Table  2.2. 
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Test  Type 

Architecture 

Temp  (C) 

s  (MPa) 

E  (GPa) 

e  (%) 

t(h) 

N 

tension 

[0],  1-1  mm 

23 

354 

275 

mm 

tension 

[0],  2-1  mm 

23 

496 

283 

wflm 

tension 

[0],  2-1  mm 

23 

493 

289 

0.17 

tension 

[0],  2-1  mm 

1150 

346 

247 

0.15 

tension 

[0/90]  2-1  mm 

23 

151 

213 

0.1 

tension 

[0/90]  2-1  mm 

23 

123 

227 

0.06 

tension 

[0/90]  2-1  mm 

1150 

82 

188 

0.08 

tension 

[0/90]  2-1  mm 

1150 

101 

172 

0.06 

tension 

[Q-i] 

23 

119 

151 

0.1 

tension 

[Q-l] 

23 

135 

131 

0.2 

tension 

[Q-I] 

23 

141 

168 

0.13 

tension 

[Q-l] 

23 

158 

188 

0.1 

tension 

[Q-I] 

1150 

100 

131 

0.1 

tension 

[Q-l] 

1150 

83 

116 

0.1 

fat  T-T 

[0],  2-1 

1000 

150 

248-280 

160 

fat  T-T 

[0],  2-1 

1000 

120 

220-290 

301,725 

fat  T-T 

[0],  2-1 

1150 

120 

37,315 

fat  T-T 

[0/90],  2-1 

1000 

40 

180,000 

fat  T-T 

[0/90],  2-1 

1150 

40 

37,315 

fat  T-T 

[2-1] 

1150 

40 

16,605 

creep 

[0],  1-1 

1000 

150 

210 

100 

creep 

[0],  2-1 

1150 

120 

1.9 

creep 

[0],  2-1 

1150 

130 

4.9 

creep 

[0/90],  2-1 

1000 

40 

50 

creep 

[0/90],  2-1 

1150 

40 

19 

creep 

[CM] 

1150 

40 

9.7 

creep 

[Q-i] 

1150 

60 

2.08E-03 

creep 

_ m _ 

1150 

80 

2.64E-03 

Table  2.2  Data  reported  by  Staehler34  for  various  Si3N4-BN  fibrous  monolith  materials  in 

tension,  fatigue,  and  creep. 


The  fast- fracture  tension  tests  at  room  temperature  in  displacement  control  showed 


linear  behavior  in  both  uniaxial  materials.  It  was  also  found  that  the  material  with  the  larger 


microstructural  features  had  a  higher  strength,  by  nearly  28%,  over  the  material  with  the  smaller 


features.  The  increase  in  modulus  and  strain  at  failure  was  not  considered  significant.  The 


difference  in  properties  between  the  two  materials  was  attributed  to  a  large  number  of 


microstructural  defects  found  in  the  material  with  the  small  cells.  The  defects  found  were 


thought  to  be  a  direct  result  of  the  multi- filament  coextrusion  process  and  the  anomalies  that 


arise  trying  to  process  smaller  cell  sizes. 
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The  room  temperature  results  for  the  materials  with  the  different  cell  architectures 


showed  that  as  the  fraction  of  SfeN4  in  the  loading  direction  decreases,  so  does  the  strength.  A 
drop  in  strength  by  approximately  73%  was  measured  for  the  biaxial  materials  compared  to  the 
uniaxial  material  with  the  same  nominal  cell  size.  A  simple  correction  for  the  fraction  of  cells  in 
the  loading  direction  indicated  that  the  loss  in  strength  due  to  architecture  should  have  only  been 
around  50%.  Staehler34  suggested  that  differences  between  measured  and  predicted  can  be 
attributed,  at  least  in  part,  to  the  presence  of  the  cross-plies.  Plies  in  the  loading  direction  can 
become  impinged  and  damaged  due  to  the  cross-plies  during  processing.  The  quasi- isotropic 
material  was  comprised  of  single-filaments.  The  average  room  temperature  strength  of  this 
material  was  around  138  MPa. 

Strength  data  were  obtained  at  1 150°C  for  only  the  multi- filament  materials  with  the 
larger  cell  size  and  for  the  quasi- isotropic  material.  When  comparing  the  data  to  room 
temperature,  all  materials  suffered  about  a  30%  loss  in  strength.  This  is  compared  to  the  50% 
loss  in  strength  measured  in  flexure  at  the  University  of  Michigan  at  1 100°C. 

A  limited  number  of  fatigue  and  creep  rupture  tests  were  performed  at  1000°C  and 
1 150°C  by  Staehler34  for  the  [0]  and  [0/90]  materials  and  the  quasi- isotropic  material.  The 
results  indicated  that  1000°C  may  be  the  upper- bound  use  temperature  for  optimum  fatigue  and 
creep  mpture  properties  for  all  materials  investigated.  At  1 150°C  these  materials  suffer  from 
creep,  but  remain  fairly  resistant  to  oxidation  ingress.  The  resistance  to  oxidation  was 
documented  by  SEM  inspection.  Of  the  materials  tested,  the  uniaxial  material  showed  the 
greatest  fatigue  and  creep  resistance  under  the  conditions  tested. 
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Advanced  Ceramics  Research35  has  also  reported  preliminary  tensile,  fatigue  and  creep 
rupture  results  for  SfeN4-BN  in  several  lay-ups.  The  data  are  shown  in  Table  2.3.  ACR  also 
showed  that  properties  are  dependent  on  the  fraction  of  plies  in  the  0°  direction.  The  room 
temperature  tensile  strengths  of  approximately  379  MPa  for  unidirectional  multi- filament  material 
reported  by  ACR  are  on  similar  to  the  values  reported  by  Staehler  for  the  material  with  the 
smaller  nominal  cell  size.  Similarly  to  Staehler,  the  biaxial  strength  is  less  than  50%  of  uniaxial 
strength.  The  single  filament  quasi- isotropic  material  was  reported  as  having  a  room 
temperature  strength  of  119  MPa. 


Architecture 

Fast  Fracture 
Room 

Temperatrue  s, 
MPa  [ksil 

Fast  Fracture 
1150  oC 
s,  MPa  [ksi] 

Low  Cycle  Fatigue 

1  Hz,  120  MPa,  R=0.1 
IOOOoC 

Quasi-isotropic 
Single  Filament 

119  [17] 

100  [14.5] 

n/a 

Uniaxial 

Multifilament 

379  [55] 

n/a 

302,000  cycles  (run 
out) 

Biaxial 

Multifilament 

150  [22] 

82  [12] 

n/a 

Table  2.3  Data  reported  by  ACR,  Inc.35  for  various  ShN4-BN  fibrous  monolith  materials  in 

tension  and  fatigue. 


At  1 150°C,  the  biaxial  material  suffered  the  largest  loss  in  strength.  This  material  lost 
45%  while  the  quasi- isotropic  material  suffered  a  15%  loss.  Fatigue  and  creep  data  were  only 
measured  at  1000°C  on  uniaxial  materials.  In  fatigue  the  material  reached  mn-out  at  120  MPa, 
while  run-out  in  creep  was  150  MPa.  Retained  properties  after  creep  testing  showed  the 
material  suffered  no  loss  in  strength. 
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2.4  Literature  Review  Summary 


The  need  for  tough  ceramics  has  led  to  the  development  of  a  fiber- less  textured  ceramic 
know  as  a  fibrous  monolith.  Fabrication  of  fibrous  monolith  material  consists  of  traditional 
powder  ceramic  processes,  relying  heavily  on  coextrusion  techniques  and  hot-pressing.  Of  the 
materials  which  can  be  processed,  the  Si;N4-BN  system  shows  the  greatest  potential  for 
structural  application.  The  majority  of  the  work  done  to  characterize  this  material’s  mechanical 
behavior  has  been  in  flexure. 

It  was  shown  that  the  apparent  flexural  strength  was  dependent  on  the  fraction  of  Si;N4 
in  the  loading  direction,  whereas  the  energy  absorbing  capability  rose  with  BN  content  to  a 
threshold  near  20%  BN  by  volume.  The  role  of  the  stmcture  and  orientation  of  the  BN 
interphase  was  also  discussed  in  terms  of  the  dissipative  mechanisms  of  failure  in  this  material. 

The  test  conditions  such  as  specimen  geometry  and  test  temperature  were  shown  to 
effect  the  failure  mode.  The  length  to  thickness  of  a  flexure  test  specimen  was  shown  to  change 
the  failure  initiation  mechanism  from  tensile  to  shear.  The  apparent  strength  of  the  material 
decreased  with  temperature  due  to  an  amorphous  phase  that  forms  during  processing  as  a  result 
of  additive  sintering  aids.  This  glassy  phase  was  also  shown  to  effect  the  BN  boundaries  as  an 
apparent  change  in  failure  mode  from  tensile  to  shear  occurs  above  1 100°C. 

The  strength  was  shown  to  be  dependent  on  the  volume  fraction  of  Si3N4  cells  oriented 
along  the  loading  direction.  The  failure  mechanisms  which  drive  the  failure  of  the  ply  on  the 
tensile  surface,  and  which  dictate  the  subsequent  crack  deflection  and  delamination,  change  with 
architecture.  Failure  can  occur  from  tensile  stresses  by  cell  fracture,  by  cell  boundary  fracture, 
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by  both  cell  and  boundary  fracture,  or  alternatively  by  shear  stresses.  Tensile  failure  initiation 


was  observed  on  the  surface  of  the  specimen  when  the  cell  boundary  material  had  a  high 
fracture  resistance  relative  to  the  cell  material,  the  length  to  thickness  ratio  was  high,  or  the  test 
temperature  was  low.  Failure  initiation  due  to  shear  at  the  midsection  of  the  specimen  was 
observed  when  the  boundary  material  was  comparatively  weak,  the  length  to  thickness  ratio 
was  low,  or  the  test  temperature  was  high. 

Available  laminate  theory  could  be  applied  to  the  fibrous  monolith  material  to  predict  the 
elastic  properties  as  a  function  of  ply  angle.  However,  since  other  mechanisms  such  as  global 
load  sharing  and  microcracking  take  place,  models  from  laminate  theory  which  predict  failure 
strength  and  work  of  fracture  did  not  readily  apply.  Other  types  of  models  that  account  for 
these  and  other  failure  mechanisms,  such  as  frictional  sliding,  might  better  approximate  failure  of 
the  fibrous  monoliths. 

Limited  preliminary  data  in  tension,  fatigue,  and  creep  show  that  properties  are 
dominated  by  the  fraction  of  plies  in  the  loading  direction.  Tensile  results  revealed  that  there 
may  be  affects  of  processing  which  dictate  a  cell  size  and  architecture  effect.  Elevated 
temperature  testing  showed  that  no  loss  in  durability  when  tested  at  1000°C.  However, 

1 150°C  may  be  beyond  the  useful  temperature  range  for  this  material.  Limitations  at  elevated 
temperatures  were  presumably  due  to  creep  mechanisms  and  not  oxidation. 

Review  of  the  literature  for  SfeN4-BN  FMs  shows  a  deficiency  in  the  knowledge  base 
for  behavior  under  tensile  loading  conditions.  In  addition,  limited  direct  measurement  has  been 
made  to  address  cell  size  issues  and  little  information  has  been  gathered  to  study  the  material 
behavior  in  the  presence  of  stress  concentrations.  Therefore,  the  study  herein  was  proposed  to 
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address  these  issues  through  the  use  of  mechanical,  non- destructive  testing,  and  existing 


methods.  The  goal  was  to  quantify  the  mechanical  behavior  in  terms  of  notch  sensitivity,  or 
energy  absorption  capability,  for  materials  with  different  cell  sizes  and  in  the  presence  of 
machined  notches. 
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individual  “cells” 
size  formed  during 
multi- filament  coextrusion; 
surrounded  by 
“cell  boundaries” 


“cell  bundles” 
formed  by 

multi- filament  coextrusion 


Figure  2.1  Schematic  representation  of  a  multi- filament  coextruded  material. 
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CHAPTER  3 


TEST  MATRIX,  MATERIAL  DESCRIPTION, 
AND  EXPERIMENTAL  PROCEDURES 


A  description  of  the  test  matrix,  the  materials,  and  the  experimental  procedures  are 
described  in  the  following  chapter.  The  first  section  defines  the  test  matrix.  The  next  section 
describes  the  test  materials  and  the  specimen  geometry’s  tested.  The  last  section  describes  the 
procedures  used  in  performing  both  the  destructive  and  non- destructive  tests. 

3. 1  Test  Matrix 

The  mechanical  performance  of  two  SiiN^BN  fibrous  monolith  systems,  one  with  a 
cell  size  of  125  pm  and  the  other  with  a  cell  size  of  250  pm,  were  compared  to  each  other  and 
to  monolithic  SiiNzt.  The  mechanical  behavior  was  evaluated  through  fast- fracture  tensile  testing 
straight- sided,  dogbone,  and  modified  single-edge  notched  specimens  of  each  of  the  materials. 
Loading  conditions  including  continuous  loading  to  failure,  load- unload,  and  cyclic  loading.  A 
limited  number  of  tests  were  also  mn  at  elevated  temperature.  See  Table  3.1  and  the  included 
schematics  for  an  overview  of  the  test  matrix  and  of  the  different  loading  conditions. 

Fast- fracture  tests  were  mn  continuously  to  failure  on  straight- sided  and  dogbone 
specimens  in  order  to  obtain  a  base-line  strength  for  the  materials.  The  same  loading 
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1  continuous 


Displacement 


Number  of  Specimens 

Test 

Loading 

Specimen 

Fibrous  Monolith 

Neat 

Temp  (°C) 

(0.001  mm/s) 

Geometry 

125  pm 

250  pm 

Si3N4 

SS 

4 

4 

i 

i 

DB 

2 

2 

2 

Continuous 

MSE(T) 
aO/W  =  0.3 

3 

2 

2 

23 

to  failure 

MSE(T) 
aO/W  =  0.1 

1 

1 

1 

MSE(T) 
aO/W  =  0.2 

1 

1 

... 

MSE(T) 
aO/W  =  0.5 

1 

1 

1 

2single 

load- 

unload 

MSE(T) 
aO/W  =  0.3 

4 

4 

... 

Cyclic 

MSE(T) 
aO/W  =  0.3 

1 

1 

... 

1150 

Continuous 

MSE(T) 
aO/W  =  0.3 

1 

1 

1 

Displacement 


Table  3.1  Overview  of  the  Test  Matrix. 
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conditions  were  used  to  test  notched  specimens  at  room  temperature.  The  notched  specimens 


had  one  of  four  notch  length- to- width  ratios  (a0/W).  0.1,  0.2,  0.3,  and  0.5.  Different  notch 
lengths  were  used  to  observe  notch  sensitivity.  A  specimen  with  an  aoAV  ratio  of  0.3  from  each 
material  was  tested  at  1 150°C  to  look  at  temperature  effects.  In  addition  to  the  fast- fracture 
tests,  a  number  of  load- unload  and  cyclic  fracture  tests  were  performed  at  room  temperature. 
These  tests  were  performed  in  conjunction  with  several  non- destructive  evaluation  (NDE) 
techniques  including  x-ray  radiography,  infrared  imaging,  ultrasonic  c- scanning,  and  acoustic 
emission  to  determine  the  critical  stages  of  damage  evolution. 

Results  from  testing  the  various  aoAV  ratios  were  used  to  quantify  the  notch  sensitivity  of 
the  material.  The  applicability  of  two  different  approaches  to  describe  the  notched  behavior  of 
the  materials  were  considered:  a  Linear- Elastic  Fracture  Mechanics  (LEFM)  approach,  and  a 
net- section  stress  approach.  Ultimately,  a  comparison  of  the  fracture  behavior  had  to  be  made 
using  work  of  fracture  measurements  and  observations  of  damage  progression  made  through 
NDE  and  microscopic  inspections.  See  Table  3.2  for  an  overview  of  the  analysis  outlined 
above,  showing  the  physical  meaning  of  the  terminology  associated  with  the  analyses  and  the 
equations  used. 
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Pq-^  a 


Notched  Behavior  in 
Terms  of  Linear-Elastic 
Fracture  Mechanics 
(LEFM) 


Crack-Mouth  Opening 
Displacement 
(CMOD) 


Load  /' 


CMOD 


Where, 

Effective  Stress 
Intensity  Factor,  K 

KQ  — »a  V  na0  *  F(a0/W) 


Fracture  Behavior  in 
Terms  of  Energy 
Absorption  or  WOF 
(Work  of  Fracture) 


Load-Point  Displacement 
i  (LPD)  , 


Total  Work 
of  Fracture,  WOFT 

WOFt=  AreaL/Cross- 
sectional  area 
(elastic  +  “plastic”) 


Work  of  Fracture, WOF 

WOF  =  AreaL.u  /Cross- 
sectional  area 
(“plastic”  only) 
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3.2  Material  Description 


The  materials  tested  in  this  study  included  a  SfeN4-BN  fibrous  monolith  system  and  a 
monolithic  Si;N4  material.  Two  different  microstructures  of  the  SiN4-BN  were  tested,  each 
with  a  multi- filament  coextruded  structure.  Both  fibrous  monolith  materials  had  the  same  cell 
bundle  volume  fraction,  bulk  density,  and  cell  architecture.  All  test  materials  were  produced  by 
Advanced  Ceramics  Research,  Inc.  (ACR),  Tucson  Arizona,  using  multi- filament  coextrusion 
techniques. 

3.2.1  Fibrous  Monolith  Material 

Ten  114  mm  x  76  mm  (4.5”x3”)  plates  of  Si;N4-BN  fibrous  monolith  material  were 
produced  using  multi- filament  coextrusion  techniques  for  this  study.  Five  plates  were 
manufactured  to  have  individual  cell  sizes  of  125  pm  within  1  mm  cell  bundles  and  the  other  five 
were  made  with  250  jjn  cells  within  2  mm  cell  bundles.  The  cell  bundles  are  formed  because  of 
the  coextrusion  process.  The  coextmsion  processing  steps  are  illustrated  in  Figure  3.1  which 
include:  1)  ceramic/polymer  preparation,  2)  feedrod  formation,  3)  coextmsion,  4)  green  body 
stmcture  formation  and  compaction,  5)  binder  removal,  and  6)  densification17'  2\  Initial 
coextmsion  of  the  feed  rod  was  through  a  spinneret  of  2  mm  diameter.  The  resulting  filaments 
were  bundled  together  and  co- extruded  a  second  time  to  form  multi- filament  bundles.  The  125 
jjn  and  250  pm  cells  were  formed  this  second  extrusion  using  1  mm  and  2  mm  spinnerets, 
respectively. 

Sintering  aids  were  used  in  fabrication  to  aid  in  consolidation.  These  sintering  aids  were 
approximately  6  wt%  Y2O3  and  2  wt%  AI2O3.  The  target  Si3N4  to  BN  ratio  for  both  materials 
was  85%  to  15%. 
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The  FM  lay-ups  were  formed  by  stacking  sheets  of  uniaxially  aligned  multi- filament 


strands.  The  finer  celled  material  originally  supplied  by  ACR  had  16  sheets  stacked  in  a  [0/0/- 
45/0/+45/-45/0/+45]s  sequence  with  an  as- fabricated  thickness  of  approximately  7.6  mm 
(0.3”).  The  material  with  the  larger  filaments  had  8  sheets  stacked  in  a  [0/-45/0/+45]s 
sequence  and  was  6.5  mm  thick. 

Since  the  materials  were  not  fabricated  with  identical  multi- filament  lay-ups  and  had 
thickness’  that  were  too  large  to  test,  each  was  machined  such  that  the  resultant  lay-up  was  [- 
45/0/+45]s.  In  machining  the  plates  with  the  125  pni  cells,  more  material  was  removed  from 
one  surface  than  from  the  other.  The  micrograph  in  Figure  3.2  (a)  shows  a  cross  section  from  a 
plate  of  the  finer  microstructure  with  more  plies  removed  on  one  surface.  Figure  3.2  (b)  shows 
how  the  machining  on  the  plates  of  material  with  the  larger  cells  was  symmetric. 

Both  microstructures  were  found  to  contain  a  nominal  75  vol.%  of  cells  and  a  25  vol.% 
of  cell  boundaries.  Each  had  an  average  bulk  density  pycnometry  reading  of  3.06  g/cc.  The 
plates  with  the  fine  cells  were  machined  down  to  approximately  2.9  mm  thick  and  the  plates 
with  the  large  cells  were  approximately  4.3  mm  thick,  both  with  the  [-45/0/+45]s  cell  bundle 
architecture  as  described  above. 

Optical  inspection  of  the  as- received  fibrous  monolith  materials  found  a  number  of 
microstructural  abnormalities  that  were  presumably  caused  during  processing.  Looking  parallel 
to  the  tensile  direction  as  in  Figures  3.2  (a)  and  3.2  (b),  the  45°  cells  impinge  upon  the  0°  plies. 
In  turn,  this  displaces  the  0°  cell  bundles  and  causes  the  displaced  material  to  form  points 
between  the  45°  bundles. 
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The  cell  bundles  in  the  45°  plies  can  become  distorted  as  well.  Distorted  cell  bundles 


may  be  a  result  of  alignment  and  impingement  of  the  0°  and  45°  plies.  Kinks  also  form  in  the  0° 
plies  during  the  extension  process.  Other  types  of  defects  observed,  which  were  also  a  direct 
result  of  the  multi- filament  coextrusion  processing,  include  jagged  cell  edges  and  inconsistent  cell 
sizes  within  the  cell  bundles. 

All  the  defects  described  above  are  shown  in  the  micrographs  in  Figures  3.3  (a),  (b), 
and  (c).  Figure  3.3  (a)  illustrates  the  impinged,  distorted,  and  kinked  cells  as  described  above. 
This  figure  also  shows  how  the  multi- filament  coextrusion  process  can  produce  variations  in  the 
individual  cell  size  contained  within  a  bundle.  Figure  3.3  (b)  shows  rough  or  jagged  cells  formed 
within  the  cell  boundaries  due  to  the  multi- filament  coextrusion  processing.  Rough  or  jagged  cell 
surfaces  are  thought  to  adversely  affect  the  orientation  and  the  properties  of  the  BN  interphase 
structure.  The  micrograph  in  Figure  3.3  (c)  shows  a  crack  within  the  BN  interphase  which 
exemplifies  how  the  jagged  cells  can  effect  the  orientation  of  the  BN  structure. 

3.2.2  Monolithic  Si3N4 

Two  1 14  mm  x  76  mm  plates  of  the  monolithic  S1N4  material  were  processed  for  this 
study  using  identical  powder  stock,  sintering  aids,  and  processing  steps  as  was  used  to  fabricate 
the  fibrous  monolith  material.  The  only  difference  in  the  processing  was  the  absence  of  the  BN 
cladding.  It  was  desired  to  have  neat  material  that  was  processed  in  the  same  manner  as  the 
FMs  for  direct  comparison.  Therefore,  feedrods  of  the  S1;N4  were  formed  and  extruded  into 
SfN4  strands.  The  strands  were  then  made  into  laminate  sheet,  laid-up  uniaxially,  and  then 
consolidated  the  same  as  for  the  FMs.  The  average  pycnometer  bulk  density  measured  for  the 
neat  materials  was  3.31  g/cc. 
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3.2.3  Machining  Layout 


Each  FM  plate  was  machined  into  four  straight -sided  specimens;  three  of  which  were 
19  mm  (3/4”)  wide  for  notched  fracture  testing  while  the  fourth  was  12.5  mm  (1/2”)  wide  for 
tensile  testing.  The  machining  lay-out  for  the  specimens  is  shown  in  Figure  3.4.  In  each  case, 
the  12.5  mm  tensile  specimen  was  machined  from  the  interior  of  the  plate  to  avoid  any  possible 
edge  effects.  The  machining  lay-out  for  the  Si(N4  material  was  identical  to  that  for  the  fibrous 
monolith  material,  except  that  the  tensile  specimens  had  a  dogbone  geometry.  Specimens  were 
machined  from  the  plates  using  a  diamond  saw  blade.  Final  grinding  of  the  specimen  surfaces 
was  done  using  a  320  grit  wheel  at  a  removal  rate  of  0.05  mils  per  pass. 

Tensile  specimens  were  machined  from  the  plate  interior  because  all  of  the  plates 
appeared  to  have  edge  defects  formed  during  hot-pressing.  The  defects  were  evidenced 
visually  by  a  white  residue  in  the  material  within  a  region  around  the  edge  of  the  plates.  Figure 
3.5  (a)  is  a  photograph  taken  of  an  as-received  plate  showing  the  region  of  affected  material. 

King17  showed  that  material  in  the  outer  edge  of  the  plate  typically  contains  a  significant 
amount  of  a-SiC  in  addition  to  the  P-SfN4  and  BN.  The  interior  material  was  not  shown  to 
contain  SiC  but  was  found  to  contain  ()-ShN4  and  non- transformed  0C-ShN4  in  addition  to  the 
BN.  He  suggested  that  this  was  caused  by  a  significant  thermal  gradient  across  the  billets  during 
hot-pressing.  The  outer  edges  were  hotter  and  caused  a  reaction  with  the  graphite  dies  whereas 
the  center  was  cooler.  Within  the  region  of  affected  material  at  the  edge,  filaments  can  become 
displaced  from  alignment  with  the  plies  in  the  interior.  It  is  suggested  that  these  displaced  and 
distorted  ply  ends  result  from  a  combination  of  extreme  heat  at  the  edge  during  hot  pressing  and 
flow  of  the  material  as  it  fills  in  gaps  at  the  edges  that  occurred  during  the  lay-up  process.  Figure 
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3.5  (b)  is  a  micrograph  of  the  cross-section  of  material  at  the  edge  of  a  plate  showing  the 
displaced  and  distorted  cells. 

The  presence  of  edge  defects  were  not  as  critical  for  the  fracture  specimens  since  a 
single-edge  notch  was  machined  into  these  specimens  on  the  plate- edge- side,  and  the  machined 
notch  extended  well  beyond  the  distorted  edge  region.  The  failure  initiation  point  was  then 
expected  to  be  dominated  by  the  stress  concentration  due  to  the  notch  and  not  the  plate  defects 
at  the  edges.  Refer  to  Figure  3.4  for  the  illustration  of  the  orientation  of  the  notches  with  respect 
to  the  plate  edges.  The  notch  lengths  were  longer  than  the  zone  that  contained  the  edge  defects. 
See  the  photograph  in  the  Figure  3.6  for  an  example  of  a  specimen  with  a  single  edge  notch  of  a 
length  equivalent  to  ao/W  =  0.3. 

3.3  Experimental  Procedures 

3.3.1  Tension  Test  Procedures 

Tension  tests  on  the  12.5  mm  straight -sided  fibrous  monolith  specimens  and  on  the 
monolithic  SisN4  dogbone  specimens  provided  base-line  properties  for  these  materials;  namely 
elastic  modulus,  strength,  and  work  of  fracture,  and  plate  to  plate  variability.  The  base-line 
moduli  were  utilized  as  a  reference  check  during  the  fracture  testing. 

3 .3 . 1 . 1  Specimen  Geometry 

In  addition  to  the  straight- sided  tensile  specimens,  two  dogbone  specimens  from  each 
microstructure  of  the  fibrous  monolith  material  were  tested  to  look  at  geometry  effects.  The 
fibrous  monolith  dogbone  specimens  were  machined  from  fracture  specimens,  had  a  gage  width 
of  12.5  mm,  and  had  a  30%  reduction  from  tab  width  to  gage  width.  The  monolithic  ShN4 
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tensile  specimens  had  a  dogbone  geometry  with  a  30%  reduction  from  tab  width  to  gage  width 


as  well.  The  gage  width  for  these  specimens  was  6  mm.  Figures  3.7  (a),  3.7(b),  and  3.7  (c), 
show  schematics  of  the  respective  test  specimens  for  the  fibrous  monolith  and  neat  materials 
along  with  their  dimensions.  The  schematic  of  the  straight- sided  specimen  includes  the  fiberglass 
tabs  used  for  gripping.  The  use  of  the  fiberglass  tabs  is  discussed  in  section  3.3. 1.3. 

3. 3. 1.2  Testing  Apparatus 

The  apparatus  used  for  tensile  testing  included  a  MTS  vertical  servo -hydraulic  test 
machine,  a  data  acquisition  computer,  and  a  clip  gage  extensometer.  The  test  system  was 
equipped  with  wedge  grips  fitted  with  serrated  grip  inserts.  Use  of  both  DC  and  AC  controllers 
allowed  for  tests  to  be  conducted  in  load,  strain,  or  stroke  control.  Specialized  software  was 
used  to  command  the  controllers  to  run  the  test  and  to  acquire  data  through  a  12- bit  digitizer. 
See  Figure  3.8  for  a  photograph  the  test  frame  with  the  wedge  grips  and  wedge  inserts.  A 
calibrated  clip  gage  extensometer  was  used  to  measure  strain. 

Tensile  specimens  of  the  neat  S(N4  material  were  tested  on  a  similar  MTS  servo- 
hydraulic  test  system  with  a  horizontal  load  frame  and  rigid  clamping  grips.  See  Figure  3.9  for  a 
schematic  representation  of  the  horizontal  load  frame.  Rigid  clamping  grips  allow  for  a  higher 
degree  of  alignment,  which  was  desirable  in  testing  the  brittle  monolithic  material.  These  tests 
were  also  mn  using  the  same  system  software  and  the  data  in  this  case  were  collected  through  a 
16-bit  digitizer.  A  clip  gage  type  extensometer  was  used  for  strain  measurement. 

3 . 3 . 1 . 3  General  Procedures 


MTS  is  a  registered  trademark  of  the  MTS  Corporation 
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The  fibrous  monolith  tensile  specimens  were  prepared  for  testing  by  adhering  fiberglass 


tabs  at  each  end..  The  use  of  tabbed  specimens  in  the  wedge  grips  for  tensile  testing  the  fibrous 
monolith  material  minimized  the  stress  concentration  imparted  by  the  grips  on  the  straight- sided 
geometry.  All  tests,  including  the  neat  material,  were  ran  at  room  temperature  and  with  a 
constant  stroke  rate  of  0.001  mm/s. 

3.3.2  Fracture  Test  Procedures 

Fracture  testing  of  both  fibrous  monolith  materials  and  neat  S(N4  material  was 
performed  using  the  horizontal  load  frame  with  rigid  clamping  grips.  Tests  were  mn 
continuously  to  failure  (fast  fracture),  in  a  single  load- unload  regime,  or  with  cyclic  loading  at 
room  temperature  using  modified  single  edge -notched  specimens.  The  specimens  tested  had 
one  of  four  notch  length  to  width  (a0/W)  ratios;  0.1,  0.2,  0.3,  or  0.5.  The  load- unload  and 
cyclic  fracture  tests  were  performed  on  specimens  with  an  a(/W  ratio  of  0.3  and  were  used  in 
conjunction  with  several  non- destructive  evaluation  techniques  to  study  damage  progression. 
Additional  fracture  tests  were  performed  on  each  material  at  1150°  with  an  a(/W  ratio  of  0.3. 

3.3.2. 1  Specimen  Geometry 

The  modified  single- edge  notched  MSE(T)  specimen  geometry  is  described  by  the 
height  (H)  or  the  distance  between  the  grips,  the  width  (W),  and  the  initial  notch  length  (ao).  All 
of  the  specimens  tested  were  19  mm  wide  and  were  tested  with  a  H/W  ratio  of  4.3.  The 
majority  of  the  specimens  tested  had  an  aoAV  ratio  of  0.3,  however,  specimens  with  ratios  of 
0.1,  0.2,  and  0.5  were  tested  as  well.  See  Figure  3.10  for  a  schematic  representation  of  the 
MSE(T)  specimen. 
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Each  notch  was  machined  using  a  table  saw.  The  table  saw  has  a  stage  with  motorized 


travel  in  the  x-direction  and  manual  travel  in  the  y-direction.  The  specimens  were  prepared  for 
machining  by  sandwiching  them  between  two  pieces  of  fiberglass  to  protect  them  from  burring. 
Each  specimen  was  leveled  and  aligned  perpendicular  to  the  blade  using  a  dial  indicator.  The 
cut  was  made  using  a  high  concentration  diamond  blade  that  was  approximately  0.15  mm 
(0.006”)  thick.  The  notch  was  made  by  removing  0.0254  mm  (0.001”)  per  pass.  The 
dimensions  of  the  notches  made  using  this  procedure  were  all  within  2%  of  the  target  length  and 
were  no  more  than  one  half  of  the  notch  width  out- of  plane. 

3. 3. 2.2  Testing  Apparatus 

Two  different  extensometers  were  used  during  each  fracture  test.  One  extensometer 
was  used  to  measure  the  crack- mouth  opening  displacement  (CMOD)  while  the  other 
measured  displacement  at  the  points  of  loading.  Several  different  types  of  extensometers, 
including  a  high- temperature  style  alumina  rod  extensometer  and  various  clip  gage  types  were 
used  to  measure  the  CMOD  on  different  tests.  In  general,  the  clip  gage  extensometers  were 
preferred  to  measure  CMOD  as  they  have  higher  resolution  and  are  capable  of  better 
repeatability.  A  high- temperature  style  extensometer  with  bent  quartz  rods  specifically  designed 
for  these  tests  measured  the  load- point  displacement  (LPD).  A  photograph  of  the  modified 
extensometer  used  for  load- point  displacement  measurement  is  shown  in  Figure  3.1 1.  The 
data,  including  the  load,  stroke,  CMOD  displacement,  and  the  load- point  displacement,  were 
collected  by  the  computer.  Both  filtered  and  unfiltered  data  were  collected  and  stored.  A 
photograph  of  the  room  temperature  test  set-up  is  shown  in  Figure  3.12.  The  photo  shows  the 
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specimen  instmmented  with  a  high- temperature  extensometer  for  CMOD  measurement  and  the 


bent  rod  extensometer  for  load- point  displacement  measurement. 

For  elevated  temperature  testing,  an  induction  heated  furnace  system  was  added  to  the 
test  frame.  A  photograph  of  the  elevated  temperature  test  set-up  is  shown  in  Figure  3.13. 

3 . 3 . 2 . 3  General  Procedures 

Prior  to  fracture  testing,  a  series  of  modulus  checks  on  each  specimen  were  performed 
to  verify  that  the  MSE(T)  specimens  were  aligned.  A  specimen  was  considered  to  be  aligned 
when  the  elastic  modulus  was  within  10%  of  the  Young's  modulus  for  the  material.  Before 
machining  the  notches,  each  specimen  was  loaded  and  unloaded  a  number  of  times  under  very 
small  loads  (loads  equal  to  a  stress  of  5  MPa).  An  average  modulus  was  determined  for  each 
specimen  from  the  stress  versus  strain  data  acquired  in  the  un- notched  condition.  Once  each 
specimen  was  notched,  it  was  cycled  to  the  same  low  net  section  loads.  The  unloading  data 
from  each  cycle  was  used  to  obtain  an  average  compliance  and  modulus  using  linear- elastic 
relationships.  Those  equations  used  are  as  follows: 

C  =  d  /  P  (experimental) 

C  =  2Ga0/EBW  (theoretical) 

where 

C  =  compliance 

d  =  the  crack  mouth  opening  displacement  (CMOD) 

P  =  load 

G  =  elastic  energy  release  rate 
a0  =  initial  notch  length 
E  =  elastic  modulus 
B  =  specimen  thickness 
W  =  specimen  width 
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The  modulus  was  determined  when  the  theoretical  value  of  compliance  was  equal  to  the 
experimental  value  measured.  The  constants  used  to  calculate  G  for  the  MSE(T)  specimen 
geometry  with  clamped  ends  were  developed  by  John  and  Rigling36.  The  modulus  results  were 
then  compared  with  the  average  Young's  modulus  obtained  from  the  pre-notched  and  tensile 
specimens. 

Fracture  tests  specimens  were  not  only  instrumented  with  two  extensometers,  but  were 
also  instrumented  with  two  strain  gages  and  two  acoustic  emission  transducers  to  aid  in 
identifying  critical  loads  that  result  in  damage  progression.  One  strain  gage  was  added  on  either 
side  of  the  notch.  For  reference  in  later  discussions  of  the  data,  the  strain  gage  that  was 
positioned  on  the  load  cell  side  of  the  specimen  notch  (the  right  -  side  of  the  specimen  notch  as 
shown  in  all  subsequent  photographs)  is  referred  to  as  strain  gage  number  1.  The  strain  gage 
that  was  positioned  on  the  actuator  side  of  the  specimen  notch  (the  left- side  of  the  specimen 
notch  as  shown  in  subsequent  photographs)  is  referred  to  as  strain  gage  number  2.  The  gages 
were  offset  from  the  notch  by  approximately  one  to  two  millimeters  with  the  center  of  each  gage 
level  with  the  notch  tip.  See  Figure  3.14  for  a  photograph  of  the  strain  gage  set-up.  The 
position  of  the  AE  transducers  is  discussed  in  section  3.3.3.4. 

A  triangular  waveform  profiler  was  used  to  produce  an  actuator  displacement  rate  of 
0.001  mm/s  in  stroke  control.  For  the  tests  mn  continuously  to  failure,  only  half  of  the  triangular 
waveform  was  used.  The  single  load- unload  tests  utilized  the  entire  waveform.  Filtered  data 
recorded  from  each  test  included;  load,  CMOD,  load- point  displacement,  and  stroke. 
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3.3.3  Non- Destructive  Evaluation  Procedures 


Non- destructive  evaluation  (NDE)  techniques  were  utilized  to  characterize  the  fibrous 
monolith  material  without  altering  its  structure  or  properties.  Details  surrounding  the  use  of  and 
the  techniques  associated  with  non- destructive  evaluation  are  given  elsewhere37.  Due  to  the 
potential  insight  NDE  may  provide  in  characterizing  the  damage  progression  of  the  fibrous 
monolithic  material,  a  number  of  NDE  techniques  were  implemented  before,  during,  and  after 
fracture  testing. 

Several  different  NDE  techniques  were  considered  for  damage  evaluation  of  the  fibrous 
monolith  material.  Techniques  used  include  visual  inspection,  x-ray  radiography,  infrared 
thermal  diffusivity  imaging  (or  thermography),  ultrasonic  c- scanning,  and  acoustic  emission 
detection.  Each  of  the  techniques  performed  are  suited  for  detection  of  specific  types  of 
anomalies  using  different  physical  principles.  It  was  proposed  that  the  different  techniques  used 
in  combination  with  one  another  would  then  provide  a  comprehensive  evaluation  of  the 
condition  of  the  fibrous  monolith  material. 

Visual  inspection  with  the  aid  of  low  magnification  (<32x)  was  used  in  the  case  of  each 
specimen  to  identify  gross  surface  changes.  X-ray  radiography  was  used  to  identify  through- 
the-thickness  type  cracks  with  high  resolution.  Thermography  and  ultrasonic  c-scanning  were 
used  to  detect  interlaminar  type  cracks  found  to  occur  in  the  fibrous  monolith  material.  Acoustic 
emission  detection  was  to  identify  stress  levels  critical  to  damage  progression  as  well  as  location 
of  damage.  Since  none  of  these  techniques  had  been  performed  on  fibrous  monolith  material 
before,  the  final  step  in  the  overall  characterization  of  the  material  was  to  verify  the  NDE  results 
by  sectioning,  polishing,  and  inspecting  suspected  damaged  regions  under  magnification. 
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3 . 3 . 3 . 1  X-ray  Radiography 


The  system  used  to  obtain  x-ray  radiographs  is  located  at  Wright- Patterson  Air  Force 
base,  Ohio  and  is  a  Philips  minifocus  x-ray  tube  that  is  rated  for  160  kVp  (kilo -volt  potential) 
and  25  mA.  The  focal  spot  size  of  the  beam  for  this  tube  is  0.4  mm  which  is  related  to  the 
resolution  of  the  system.  Energies  used  to  inspect  the  FM  and  the  neat  material  were  60  to  80 
KeV  with  5  mA  current.  Kodak  type  M  high  resolution  film  was  the  sensing  material  employed. 
The  distance  between  the  x-ray  source  and  the  film  was  approximately  40  inches.  To  obtain  the 
images,  the  test  materials  were  placed  flat  directly  on  the  film  which  produced  a  1:1  image. 
Exposure  time  required  to  obtain  the  image  was  approximately  one  to  two  minutes.  A  contact 
print  or  positive  was  made  from  the  film  for  viewing.  A  schematic  representation  of  the  x-ray 
system  used  in  this  study  is  shown  in  Figure  3.16. 

X-ray  radiography  was  used  in  this  study  to  identify  as- processed  anomalies  prior  to 
testing.  The  FM  and  neat  test  materials  in  the  as-received  plate  form  were  inspected  via  this 
technique.  Figures  3.16  (a)  and  3.16  (b)  contain  radiographic  images  from  representative  plates 
of  the  FM  and  neat  materials,  respectively.  All  of  the  FM  plates  were  shown  to  contain  a 
significant  amount  of  irregular  dark  features  which  can  be  seen  in  Figure  3.16  (a).  The  defects 
are  areas  of  high  density  compared  to  the  surrounding  material.  Microscopic  investigation 
performed  on  the  test  material  discussed  earlier  showed  that  the  material  contains  a  number  of 
defects,  some  of  which  can  be  described  as  skewed  cell  bundles  or  kinked  bundles.  Skewed 
cell  bundles,  presumably  caused  during  hot  pressing  due  to  alignment  and  impingement  of  the  0° 
and  45°  plies,  allows  for  a  change  in  the  x-ray  attenuation.  The  exact  mechanism  that  allows  for 
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these  denser  strips  to  appear  so  clearly  on  the  x-ray  has  not  been  identified.  The  radiograph  of 


the  neat  material  shows  it  to  be  uniformly  dense  except  around  the  edges. 

In  addition  to  using  x-ray  radiography  for  as-received  material,  the  technique  was  used 
to  detect  through- the- thickness  type  cracks  that  developed  during  mechanical  testing. 
Radiographs  were  obtained  on  all  MSE(T)  specimens  both  before  and  after  continuous  fracture 
testing  and  load- unload  testing. 

3.33.2  Infrared  Thermal  Imaging 

Infrared  thermal  imaging  was  performed  at  Argonne  National  Laboratory  in  Argonne, 
Illinois.  The  thermal  imaging  apparatus  is  comprised  of  a  flash  lamp  system,  an  infrared  camera, 
and  a  computer  for  data  acquisition  and  processing.  More  information  on  this  system  can  be 
found  elsewhere38.  The  flash  lamp  system  uses  two  standard  photographic  xenon  flash- lamps  to 
generate  the  thermal  pulse.  The  infrared  sensing  camera  was  a  Galileo  model  IR  video  camera 
made  by  the  Amber  Engineering  Company.  The  IR  camera  uses  a  focal  plane  array  of  InSb 
detectors  capable  of  256  x  256  pixels.  The  camera  is  interfaced  with  a  function  generator  and  a 
dual  timing  trigger.  A  digital  frame  grabber  acquires  images  from  the  camera,  and  these  images 
are  further  processed  on  the  computer.  See  Figure  3.17  for  a  schematic  drawing  of  the  rapid 
infrared  thermal  imaging  apparatus  used  at  Argonne38. 

Rapid  infrared  thermal  imaging  was  employed  to  document  the  damage  induced  from 
the  load-unload  testing.  This  technique  better  lends  itself  to  the  detection  of  interlaminar  defects 
than  does  the  radiography  technique.  Only  the  MSE(T)  specimens  with  an  a0AV  ratio  of  0.3 
were  inspected  via  this  technique.  Specimens  were  inspected  both  before  and  after  testing. 
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All  of  the  fibrous  monolith  specimens  that  were  tested  via  the  load- unload  procedures, 


and  designated  specimens  tested  continuously  to  failure,  were  sent  to  Argonne  Labs  to  undergo 
thermal  imaging.  The  MSE(T)  specimens  that  were  cyclically  loaded  underwent  thermal  imaging 
before  testing  to  obtain  a  reference  thermal  diffusivity  value  and  heat  flow  pattern.  Following 
testing,  the  specimens  were  sent  back  to  be  evaluated  by  both  the  thermal  imaging  and  by  time 
domain  techniques.  Designated  specimens  with  an  a(/W  ratio  of  0.3  that  were  tested 
continuously  to  failure  were  also  inspected  by  these  methods  following  mechanical  testing.  An 
average  pre-test  diffusivity  from  the  cyclically  loaded  specimens  were  used  as  a  reference  for  all 
post  processing  and  analysis. 

3.3. 3.3  Ultrasonic  C-scanning 

Reflector  plate  type  c-scan  images  were  obtained  using  immersion  scanning  equipment 
at  the  University  of  Dayton  Research  Institute.  The  major  components  of  the  scanning  system 
include  a  large  open  water  tank,  a  motorized  x-y  scanner  with  a  manual  z  control,  a  broadband 
ultrasonic  transducer,  a  JSR-PR35  signal  pulser/receiver,  and  a  computer  equipped  with 
SONIXtm  operating  and  data  acquisition  software.  See  Figure  3.18  for  a  schematic  illustration 
of  the  ultrasonic  scanning  system.  The  transducer  used  was  a  KB  Aerotech  10  MHz  focused 
transducer,  which  had  a  12.5  mm  diameter  and  a 

75  mm  focal  length.  The  scanning  step  size  of  the  transducer  or  correspondingly  the  image  pixel 
size  was  set  to  be  0.25  mm. 

Reflector  plate  type  ultrasonic  c- scans  were  also  obtained  for  interlaminar  delaminations 
detection.  Before  scanning  the  fibrous  monolith  specimens,  a  calibration  of  the  system  was 
performed  using  a  reference  block  according  to  standards  in  the  literature39.  Calibration,  in  this 
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case,  refers  to  the  method  of  setting  and  documenting  the  gain  of  the  system  so  a  scan  can  be 


reproduced  or  compared  to  others. 

Only  the  MSE(T)  specimens  which  had  undergone  testing  were  scanned  and  therefore 
no  pre-test  scan  was  obtained  for  comparison.  The  c- scanning  technique  was  only  considered 
for  use  in  this  study  after  the  thermal  imaging  technique  was  shown  to  lack  in  resolution  needed 
to  detect  evolving  damage  in  the  fibrous  monolith  materials.  Although  it  was  known  to  have 
better  resolution,  immersion  ultrasonic  c- scanning  was  not  originally  proposed  in  the 
experimental  plan  since  extended  periods  of  exposure  to  water  has  been  shown  to  degrade  the 
mechanical  properties  of  materials  containing  boron  nitride. 

3. 3. 3.4  Acoustic  Emission  Inspection 

The  equipment  used  to  obtain  the  acoustic  emission  information  was  from  the  Digital 
Wave  Corporation.  The  main  components  of  the  system  included:  two  broadband  contact 
transducers,  two  broadband  preamplifiers,  a  signal  conditioner,  and  a  signal  analysis  processor. 
The  transducers  were  set  on  the  fibrous  monolith  test  specimens  approximately  70  mm  apart, 
centered  about  the  middle  of  the  specimen.  A  schematic  in  Figure  3.19  illustrates  the 
components  of  the  AE  test  system.  Hie  transducers  were  held  in  contact  with  the  specimen 
during  the  test  by  using  vacuum  grease  and  spring  clips.  Data  acquisition  and  final  analysis  was 
performed  using  a  computer  equipped  with  Digital  Wave’s  Fracture  Wave  Detector  (FWD) 
software.  Parametric  information  for  load  and  crack- mouth  opening  displacement  in  volts  was 
also  obtained  by  the  signal  analysis  processor  through  a  connection  to  the  MTS  controller. 

Acoustic  emission  (AE)  detection  methods  were  used  to  identify  stress  levels  critical  to 
the  damage  initiation  and  evolution  in  the  fibrous  monolith  material  during  fracture  testing.  AE 
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data  from  specimens  tested  to  failure  were  used  to  determine  appropriate  unload  points  for  the 


single  load- unload  testing.  In  addition  to  providing  a  relationship  with  stress-CMOD 
information,  the  information  obtained  from  the  AE  was  used  to  provide  another  source  for 
damage  location  identification.  This  information  was  compared  to  the  output  obtained  from  the 
other  NDE  techniques  on  the  same  single  load- unload  specimens. 

Before  running  each  fracture  test,  the  sound  wave  velocity  in  the  material  was 
determined  for  use  in  the  source  location  detection.  The  velocity  was  found  by  conducting  a 
“lead-break”  test.  The  time  of  flight  associated  with  breaking  a  pencil  lead  on  the  specimen  in 
front  of  each  transducer  was  used  along  with  the  distance  between  the  transducers  to  obtain 
velocity. 

The  data  from  the  fracture  tests  along  with  the  velocity  of  sound  estimation  were 
reduced  through  the  FWD  software  which  uses  cross-correlation  techniques  for  source  location 
detection.  The  output  from  the  source  location  module  was  given  in  terms  of  event  number, 
time,  location,  and  parametrics.  The  location  data  were  then  made  into  a  histogram  and  plotted 
along  the  length  of  the  specimen.  The  parametrics  data  were  converted  from  voltage  to  load 
and  CMOD  and  plotted  against  the  data  obtained  from  the  CMOD  extensometer. 
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Extrude  feedrod  into  fine  filament 
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BN-filled  polymer 


Form  extrusion  feedrod 


Pyrolysis  to  remove  polymer  binder 


Figure  3.1  Schematic  illustrations  showing  processing  route  to  fabricate  fibrous  monoliths  using 

coextrusion  methods22. 
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Figure  3.2  (a)  Micrograph  at  16x  of  ShN4-BN  fibrous  monolith  [-45/0/+45]s 
with  125pm  cells  (2- 1  mm  multi- filament  strands). 


-**r  V 


1.5  mm 


Figure  3.2  (b)  Micrograph  at  16x  of  Si3N4-BN  fibrous  monohth  [-45/0/+45]s 
with  250pm  cells  (2-2  mm  multi- filament  strands). 
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Figure  3.3  (a)  Micrograph  at  16x  of  ShN4-BN  fibrous  monolith  showing  a  number  of  different 

processing  defects. 


49 


Figure  3.3  (b)  Micrograph  at  320x  of  Si3N4-BN  fibrous  monolith  showing  the  jagged  perimeter 
formed  on  the  individual  cells  during  multi- filament  coextmsion. 


BN  platelets 

become 

misaligned 


Figure  3.3  (c)  Micrograph  at  2k  x  of  Si3N4-BN  fibrous  monolith  showing  the  jagged  perimeter 
formed  on  the  individual  cells  during  multi- filament  coextmsion. 


50 


Figure  3.4  Schematic  of  the  machining  lay-out  for  each  of  the  Si^-BN  FM  plates. 
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Figure  3.5  (a)  Photograph  of  the  plate  material  illustrating  the  edge  defects  from  processing. 


1  mm 


Figure  3.5  (b)  Micrograph  at  lOx  of  Si;N4-BN  fibrous  monolith  showing  the  microstructural 
defects  created  at  the  edge  of  the  plate  during  hot-pressing. 


notch  length 
=  5.71mm; 
a0/W  =  0.3 


edge 
defect  . 
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vT^Ws.  /  •  *•»***  V.  * 

Figure  3.6  Photograph  of  a  specimen  which  came  from  the  edge  of  a  plate,  the  notch  was 
machined  on  the  edge  which  corresponded  to  the  plate  edge.  The  notch  extends  beyond  the 
edge  defects  which  can  be  identified  visually. 
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(b) 


(c) 


Figure  3.7  (a)  Schematic  drawing  of  a  straight- sided  Si3N4-BN  FM  tensile  specimen  with 
fiberglass  tabs,  (b)  Schematic  drawing  of  a  dogbone  ShN4-BN  FM  tensile  specimen,  (c) 
Schematic  drawing  of  a  neat  Si3N4  dogbone  tensile  specimen  in  showing  the  dimensions  tested. 

Not  to  scale. 
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Figure  3.8  Photograph  of  the  wedge  grips  used  to  test  the  straight- sided  SfNj-BN  fibrous 

monolith  specimens. 
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Figure  3.9  Schematic  representation  of  the  horizontal  servo -hydraulic  test  system  used  for 
tensile  testing  the  neat  Si3N4  material  as  well  as  for  all  notched  fracture  testing. 
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Area  within 
the  grips 


Figure  3.10  Schematic  illustration  of  the  MSE(T)  specimen  geometry  with  the  dimensions 

tested.  Not  to  scale. 
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Figure  3.11  Photograph  of  the  extensometer  with  the  specially  designed  bent  quartz  rods  for 

load- point  displacement  measurement. 
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Figure  3.12  Photograph  of  the  set-up  used  for  room  temperature  fast  fracture  testing  of 

MSE(T)  specimens. 


Figure  3.13  Photograph  of  the  set-up  used  for  high  temperature  fast  fracture  testing  of  MSE(T) 

specimens. 
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Figure  3.14  Photograph  illustrating  the  strain  gage  position  with  respect  to  the  notch  on  the 

MSE(T)  specimens. 
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Figure  3.15  Schematic  representation  of  the  x-ray  radiography  technique  showing  the  method 

of  sensing  of  an  internal  flaw. 
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Figure  3.16  (a)  &  (b)  X-ray  radiographs  of  representative  plates  of  the  SiJXrBN  fibrous  monolith  and  neat  ShN4  materials  respectively.  A 
large  number  of  microstructural  defects  are  detected  and  the  radiograph  of  the  FM  material  whereas  the  neat  material  appears  to  be  uniformly 

dense  except  near  the  edges. 


59 


Figure  3.17  Schematic  representation  of  the  experimental  apparatus  used  to  obtain  thermal  images  at  Argonne  National  Laboratories 
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Figure  3.18  Schematic  representation  of  the  experimental  apparatus  used  to  obtain  ultrasonic  C- scans. 
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Figure  3.19  Schematic  representation  of  the  acoustic  emission  test  apparatus  used  during  fracture  testing. 
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CHAPTER  4 


TENSILE  BEHAVIOR  OF  UNNOTCHED  SPECIMENS 


The  following  chapter  presents  the  tension  data  generated  on  unnotched  specimens. 


The  tensile  behavior  is  discussed  in  terms  of  fraction  of  S1N4  phase,  microstructural  feature  size. 


and  specimen  geometry. 


4.1  Monolithic  SiiN4 


Two  monolithic  Si;N4  dogbone  specimens  were  tension  tested.  The  data  are  listed  in 
Table  4.1.  Specimen  97-K34  was  found  to  have  a  strength  of  480  MPa  and  stiffness  of  286 
GPa.  The  other  specimen,  97-K38,  failed  at  527  MPa  and  had  a  modulus  of  274  GPa.  The 
average  strength  measured  for  this  material  was  approximately  504  MPa,  the  average  modulus 
was  280  GPa,  and  the  strain  at  failure  was  only  0.17%.  A  representative  stress- strain  trace 


shown  in  Figure  4.1  depicts  the  linear  behavior  to  failure  for  this  material. 


Specimen ! 

t  Plate  # 

Cell  Size 

Strength  (MPd 

)Modulus  (GPa; 

(Strain  at  Failure  (°/<J 

)  Work  Of  Fracture  (J/fi) 

97-K34 

97-K38 

P97017 

P97018 

neat 

neat 

286 

274 

mm 

58395 

43424 

avg:  503.5  280  0.17 

std  dev:  33.2  8  0.01 


Table  4.1  Tensile  Test  Data  for  Monolithic  Si4N4. 


The  fracture  surfaces  were  flat  and  brittle  in  nature,  as  shown  in  Figure  4.2.  The  failure 


initiation  site  in  the  case  of  specimen  97-K34  was  located  on  the  surface  of  the 
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specimen  and  therefore  may  have  been  a  result  a  machining  flaw.  The  crack  in  specimen  97- 
K38  initiated  at  a  dark  inclusion  within  the  material  and  did  not  seem  to  occur  as  a  result  of  the 
machining  or  the  test  machine  grips.  It  is  suspected  that  the  lower  strength  value  measured  for 
specimen  97-K34  may  have  resulted  from  a  machining  defect.  Despite  the  difference  in 
strength,  both  specimens  had  approximately  the  same  strain  at  failure. 

Modulus  (GPa 

213 
na 
200 
180 
212 

avg:  113  201 

std  dev:  13  15 


Work  of  Fracture  (J/ffo 


59771 


222754 

371037 

44614 


Specimen  #  Plate  #|  Cell  Sizel  Strength  (MPa 


97-B44 

97-B48 

97-B52 

97-B56 

97-B60 


97504 

97505 


Modulus  (GPa 

191 
183 
na 
215 
210 

avg:  126  200 

std  dev:  4  15 

both  cell  sizes  avg:  120  201 

straight-sided  std  dev:  11  14 

Table  4.2  Tensile  Test  Data  for  Straight- Sided  Fibrous  Monoliths. 


Work  of  Fracture  (J/ffo 


608179 

284521 


570114 


Specimen  #  Plate  #|  Cell  Sizel  Strength  (MPa 


4.2  Fibrous  Monolith  Material 

Data  obtained  from  tensile  testing  straight- sided  specimens  of  the  fine  celled  and  coarse 
celled  fibrous  monolith  materials  are  presented  in  Table  4.2.  Nominal  strain  values  are  not 
reported  as  the  damage  observed  for  the  failures  was  outside  the  gage  length  of  the 
extensometer  used.  The  strength  values  for  the  material  with  the  finer  cell  structure  ranged  from 
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96  MPa  to  127  MPa,  with  a  mean  strength  of  1 13  MPa  and  a  standard  deviation  of  13  MPa. 


The  strengths  measured  for  the  material  with  the  larger  cell  structure  ranged  from  122  MPa  to 
132  MPa  with  a  mean  of  126  MPa  and  standard  deviation  of  4  MPa.  The  mean  value  of 
modulus  for  both  materials  was  found  to  be  approximately  200  GPa  with  a  standard  deviation  in 
each  case  of  15  GPa. 

Figures  4.3  (a)  and  4.3  (b)  illustrate  the  representative  behaviors  of  the  fibrous  monolith 
materials.  Hie  plots  illustrate  that  both  materials  behave  elastically  at  low  loads  and  then  exhibit 
large  displacements  near  failure. 

In  both  materials,  the  damage  included  widespread  inter- ply  delamination  and  failure  of 
the  0°  plies.  A  photograph  of  a  representative  straight- sided  tensile  specimen  from  each 
microstructure  is  shown  in  Figure  4.4.  In  each  case  the  specimens  remained  essentially  intact 
even  though  the  load  dropped  to  zero.  The  specimens  shown  in  the  figure  were  pulled  apart  in 
the  test  machine  after  the  failure,  which  resulted  in  a  large  amount  of  pull-out  of  the  cell  bundles. 
It  was  observed  that  the  cracks  progressed  around  as  well  as  in-between  cell  bundles  instead  of 
the  path  around  single  cells  within  the  bundles.  This  was  interesting,  as  the  shortest  distance 
between  opposite  sides  of  a  bundle  would  be  a  straight  line  through  the  bundle  middle,  i.e.  along 
single  cell  boundaries. 

In  addition  to  tensile  testing  the  straight -sided  specimens,  two  dogbone  specimens  from 
each  microstructure  were  also  tested  to  measure  the  effects  of  geometry  on  the  strength.  The 
data  are  listed  in  Table  4.3.  The  strengths  measured  for  the  material  with  the  125  pm  cells  were 
127  and  98  MPa  and  the  strengths  measured  for  the  material  with  the  250  pm  cells  were  106 
and  114  MPa.  Modulus  values  for  the  materials  were  approximately  250  GPa  and  175  GPa, 
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respectively.  Representative  stress- strain  curves  are  shown  in  Figure  4.5  (a)  and  4.5  (b).  The 


damage  induced  in  these  specimens  was  also  widespread,  extending  outside  the  gage  length. 


Therefore,  the  nominal  strains  at  failure  depicted  by  the  plots  are  not  accurate.  Again,  it  was 


observed  that  cracks  were  directed  around  the  cell  bundles  and  not  the  individual  cells. 


Specimen ; 

If  Plate  #| 

I  Cell  Size 

Strength  (MPa 

i  Modulus  (GPa 

iWork  of  Fracture  (J/ffo 

97-B45 

97-B51 

■ 

121 

98 

286 

213 

6225 

4476 

avg:  109.5  249.5 

std  dev:  16.3  51.6 


Specimen ) 

t  Plate  # 

I  Cell  Size 

Strength  (MPa 

i  Modulus  (GPa 

iWork  of  Fracture  (J/ffo 

97-B71 

97-B74 

97507 

97508 

na 

175 

6291 

8373 

avg: 

110 

175 

std  dev: 

5.7 

both  cell  sizes  avg: 

109.8 

224.7 

dogbone  std  dev: 

9.9 

56.4 

all  FM  data  avg: 

116.3 

207.1 

both  geometries  std  dev: 

11.4 

30.1 

Table  4.3  Tensile  Test  Data  from  Dogbone  Fibrous  Monoliths. 

4.3  Discussion 

4.3.1  Tensile  Results 

Experimental  data  were  compared  to  tensile  data  found  in  the  literature.  Limited  data 
have  been  reported  for  the  tensile  strength  of  monolithic  Si;N4.  Due  to  the  difficulties  in  testing 
ceramics  in  tension,  flexure  testing  is  the  commonly  used  characterization  method.  The 
approximate  tensile  strength  for  a  hot- pressed  Si3N4  material  with  an  oc/f3  ratio  of  60:40  was 
found  to  be  547  MPa40"41.  The  strength  of  the  neat  ShN4  material  tested  in  this  study  was 
measured  to  be  about  8%  lower  at  504  MPa.  Differences  in  processing,  constituent  phases, 
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and  machining  of  the  Si4N4  materials  used  in  this  study  versus  that  reported  in  the  literature  may 


account  for  the  small  discrepancy  in  strength  since  scatter  in  properties  of  ceramics  results  from 
differences  in  flaw  distribution. 

No  data  have  been  reported  in  the  literature  for  fibrous  monolith  material  with  the  same 
microstructures  and  architectures  as  being  tested  in  this  study.  However,  fast  fracture  tensile 
data  was  reported  by  Staehler34  and  Advanced  Ceramic  Research  Corporation35  for 
unidirectional  multi- filament  coextruded  Si4N4-BN  material.  As  presented  in  Chapter  2, 

Staehler  showed  a  strength  value  of  495  MPa  for  material  with  a  reported  nominal  cell  size  of 
125  jjm  (2:1  mm  strands)  and  an  85%  volume  fraction  of  Si;N4.  ACR  measured  a  value  of  379 
MPa  for  uniaxial  multi- filament  material  with  an  unreported  cell  size  and  80%  volume  fraction  of 
Si3N4. 

A  comparison  between  the  reported  strengths  and  those  measured  in  this  study  is 
possible  if  the  values  obtained  from  the  literature  are  normalized  to  account  for  differences  in 
volume  fraction  of  the  S1(N4  phase  and  in  the  fraction  of  cells  in  the  axial  direction.  To  do  so, 
the  assumption  is  made  that  the  45°  plies  in  the  materials  tested  in  this  study  do  not  carry  any  of 
the  tensile  load.  The  test  materials  have  two  out  of  six  plies  in  the  axial  (0°)  direction  (~  33%), 
whereas  the  materials  in  the  literature  had  100%  of  the  plies  in  the  axial  direction.  After 
normalizing,  the  strengths  calculated  from  the  data  reported  by  Staehler34  and  ACR35, 
respectively,  are  144  MPa  and  117  MPa.  See  Appendix  B  for  the  calculations  of  normalized 
strength  using  values  from  the  literature. 

The  normalized  value  obtained  from  Staehler’ s  data  is  about  12.5%  to  17%  higher  than 
the  average  strength  obtained  from  the  two  FM  materials  tested  in  this  study.  The  normalized 
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value  from  ACR’s  data  falls  between  the  strengths  measured  for  the  two  fibrous  monolith 
materials.  This  strength  prediction  discounts  any  effect  of  the  45°  plies.  The  data  from  Staehler 
indicates  that  the  45°  plies  may  hinder  the  strength  of  the  material.  A  negative  effect  on  strength 
by  the  addition  of  cross-plies  in  the  material  tested  by  Staehler  was  also  speculated.  It  was 
thought  that  the  0°  plies  may  become  damaged  by  the  addition  of  the  cross- plies  during  hot- 
pressing.  Evidence  of  impingement  and  other  abnormalities,  presumed  to  be  a  result  of 
processing,  were  observed  in  the  materials  tested  in  this  study  and  are  clearly  identified  in  Figure 
3.3  (a). 

4.3.2  Tensile  Behavior  of  Fibrous  Monolith  versus  Monolithic  SfN4 

A  comparison  of  the  Si4N4-BN  fibrous  monolith  materials  with  the  monolithic  SfN4, 
shows  that  the  fibrous  monolith  material  sacrifices  strength  and  stiffness  for  apparent  toughness. 
In  tension,  the  fibrous  monolith  materials  exhibited  non-linear  behavior  and  torturous  fracture. 

In  contrast,  the  monolithic  Si4N4  ceramic  showed  linear  elastic  behavior  and  catastrophic  failure 
with  a  relatively  flat  fracture  surface. 

Although  the  behaviors  are  quite  different,  a  direct  comparison  of  the  strengths  of  the 
different  materials  is  possible  by  normalizing  the  monolithic  strength  using  a  pseudo  rule-of- 
mixtures  approach.  If  the  average  strength  measured  for  the  neat  material  is  multiplied  by  the 
area  percent  of  Si3N4  cells  in  the  axial  direction,  and  it  is  assumed  that  the  tensile  strength 
contribution  of  the  BN  is  negligible,  then  the  predicted  strength  of  the  neat  material  is 
approximately  125  MPa.  This  value  falls  in  the  range  of  the  strengths  measured  for  the  two 
fibrous  monolith  materials.  See  Appendix  C  for  the  calculation. 
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In  stiffness,  both  of  the  fibrous  monolith  materials  showed  about  a  29%  decrease  compared  to 


the  neat  material.  An  approach  which  can  be  used  to  predict  the  Young’s  modulus  of  a  fibrous 
monolith  material  with  a  [-45/0/+45]s  lay-up  is  by  using  equations  from  laminate  theory.  King17 
showed  good  agreement  in  predictions  made  for  the  elastic  properties  in  multidirectional  fibrous 
monoliths.  Although  that  analysis  was  not  repeated  for  this  study,  a  comparison  of  the  Young’s 
modulus  measured  by  King17  for  materials  with  [0/+60]  and  [0A45/90]  architectures  with  those 
measured  for  the  [-45/0/+45]s  shows  the  moduli  to  be  comparable  at  205+7  GPa,  202+3  GPa, 
and  201+14  GPa,  respectively. 

The  greatest  advantage  fibrous  monolith  materials  with  multi- axial  architectures  have 
over  monolithic  materials  in  tension  is  expected  to  be  toughness.  Hie  extensometer  (strain) 
measurements  were  not  able  to  capture  the  complete  deformation  history  of  the  fibrous  monolith 
materials.  However,  a  relative  comparison  of  the  total  work  of  fracture  (WOFT)  for  the  fibrous 
monolith  materials  and  the  monolithic  material  was  possible  using  stroke  measurements.  In 
addition  to  extensometer  data,  stroke  data  off  the  MTS  actuator  was  recorded  in  each  test  by  a 
LVDT  (linear  variable  differential  transducer).  The  area  under  the  load  versus  stroke  curve 
provides  an  estimate  of  WOFT. 

The  work  of  fracture  defined  in  this  manner  is  the  total  fracture  energy  including  elastic 
energy  and  an  unknown  contribution  from  the  test  system.  The  results  are  listed  in  Tables  4.1 
through  4.3  for  the  neat  and  fibrous  monolith  materials.  The  WOFT  was  calculated  by  dividing 
the  area  under  the  curve  by  the  cross-sectional  area  of  the  specimen.  The  neat  material  had  an 
average  WOFT  on  the  order  of  50,000  J/m2.  The  WOFT  for  the  fibrous  monolith  material  in  the 
straight- sided  geometry  showed  large  discrepancies  from  specimen  to  specimen,  which  ranged 
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from  44,614  J/m2  to  608,179  J/m2.  The  average  WOFT  for  the  fibrous  monolith  material  in  the 
dogbone  geometry  was  an  order  of  magnitude  smaller  compared  to  the  neat  material  and 
straight- sided  fibrous  monolith  specimens  at  6000  J/m2. 

Discrepancies  in  the  WOFT  and  thus  the  stroke  data  may  in  part  be  attributed  to  the 
resolution  of  the  measurement  device.  The  LVDT  is  not  accurate  enough  to  measure  the  small 
load- point  displacements  being  tested.  This  issue  was  addressed  in  later  testing  of  the  notched 
specimens.  In  these  later  tests,  a  second  extensometer  was  designed  and  implemented  for  more 
accurate  measurement  of  displacement  at  the  point  of  loading  for  work  of  fracture 
determination. 

4.3.3  Tensile  Behavior  of  Fibrous  Monoliths  as  a  Function  of  Cell  Size 

The  data  presented  in  Table  4.2  and  Table  4.3  for  both  the  straight -sided  and  dogbone 
specimens  do  not  illustrate  that  there  is  a  significant  difference  in  behavior  when  comparing  the 
fibrous  monolith  material  with  the  125  pm  cells  to  that  with  the  250  pm  cells.  Comparison  of  the 
two  materials  in  the  straight- sided  geometry  and  the  dogbone  specimens  separately,  it  is  shown 
that  they  fall  within  each  other’s  range.  A  test  of  hypothesis  for  the  means  on  the  limited  data 
sets  show  that  there  is  no  significance  difference  in  strength  between  the  two  materials.  See 
Appendix  D  for  the  hypothesis  test  calculation. 

The  data  show  that  for  both  specimen  geometries,  there  is  a  larger  variability  for  the 
material  with  the  smaller  cells  than  for  the  material  with  the  larger  cells.  The  variability  may 
result  from  the  differences  in  material  processing  and  the  machining.  Recall  from  Chapter  3  that 
the  fibrous  monolith  material  with  the  smaller  cell  size  had  more  distorted  cells  and  more  defects 
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such  as  kinks  and  distorted  cell  boundaries.  It  is  suggested  that  this  increased  occurrence  of 


defects  most  likely  contributed  to  the  increased  variability. 

In  addition,  the  plates  of  materials  for  the  two  microstructures  were  originally  fabricated 
with  a  different  number  of  plies.  The  plates  of  material  with  the  smaller  cells  were  fabricated 
with  a  total  of  16  plies  and  were  approximately  7.6  mm  thick  after  hot-pressing.  The  plates  of 
material  with  the  larger  cells  were  fabricated  with  8  plies  and  were  6.5  mm  thick  after  hot- 
pressing.  It  is  possible  that  the  extra  material  being  pressed,  in  the  case  of  the  smaller 
microstructure,  allowed  for  inconsistencies  in  consolidation  and  structure  of  the  resultant  cell 
bundles  as  a  result  of  more  movement  of  the  constituent  material  as  the  tile  condensed. 

Also  recall  from  Chapter  3  that  several  of  the  outer  plies  had  to  be  removed  from  each 
plate  to  make  the  architectures  similar  and  test  coupons  thin  enough  to  test.  Unfortunately,  that 
machining  was  not  done  symmetrically  for  the  plates  of  material  with  the  125  pm  cells.  More 
material  was  removed  from  one  surface  than  from  the  other.  Refer  to  Figure  3.2  (a)  and  3.2  (b) 
for  micrographs  of  the  two  test  materials.  This  inconsistency  in  the  machining  of  two  different 
sets  of  plate  material  may  also  contribute  to  the  variability  in  the  data. 

The  data  in  Table  4.2  and  4.3  also  show  the  trends  in  moduli  for  the  fine  and  coarse 
microstmctures.  For  the  straight- sided  and  the  dogbone  specimens,  the  mean  value  of  modulus 
is  the  same  for  both  microstmctures  but  there  is  some  variability.  Variability  in  the  modulus  can 
be  attributed  to  the  sensitivity  of  this  measurement  with  slight  differences  in  specimen  alignment 
within  the  test  machine,  and  the  use  of  a  12-bit  (low  resolution)  digitizer  in  the  test  apparatus. 

From  a  strength  and  stiffness  perspective,  one  might  not  expect  there  to  be  a  difference 
between  the  materials,  as  they  contain  the  same  volume  fraction  of  the  reinforcing  phase.  The 
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cell  size  in  the  fibrous  monolith  microstructure  is,  however,  expected  to  influence  the  fracture 


resistance.  What  was  found,  however,  is  that  individual  cell  size  does  not  influence  behavior  of 
the  material  being  investigated  in  this  study.  The  largest  microstructural  feature  in  the  material  is 
what  dominates  fracture  behavior,  and  for  the  multi- filament  coextruded  fibrous  monolith 
materials  those  are  the  cell  bundles.  The  materials  being  studied  herein  have  two  different  cell 
bundle  sizes.  Recall  from  Chapter  3  that  the  material  with  the  125  pni  cells  had  multi- filament 
strands  which  were  1  mm  after  coextrusion  and  the  material  with  the  250  |jn  cells  had  2  mm 
strands.  Therefore,  comparisons  of  the  data  for  the  fibrous  monolith  materials  being  studied 
should  be  made  in  terms  of  cell  bundle  size  and  not  individual  cell  size. 

Assessment  of  the  toughness  in  terms  of  cell  bundle  size  for  the  straight- sided  specimens 
was  not  possible  for  a  majority  of  the  data  due  to  invalid  strain  and  a  large  variability  in  the 
stroke  data.  The  limited  tests  on  the  dogbone  specimens  may  show  that  the  material  with  the 
larger  cell  bundles  absorbs  slightly  more  energy  upon  fracture.  The  average  WOFT’s  for  the 
fine  and  coarse  celled  materials  were  5351  J/m2  and  7332  J/m2,  respectively. 

4.3.4  Tensile  Behavior  as  a  Function  of  Specimen  Geometry 

Dogbone  specimens  from  each  microstructure  were  tested  as  well  as  the  straight -sided 
specimens  to  obtain  the  base-line  strength  of  the  materials.  When  testing  straight- sided 
specimens  it  is  a  concern  that  the  stress  concentration  at  the  point  of  griping  may  initiate  failure 
and  affect  the  strength  results.  Normalized  strength  estimates  from  the  results  in  the  literature 
and  from  the  experimental  results  on  the  monolithic  SiN4  material  showed  that  the  average 
strengths  from  the  straight- sided  specimens  may  be  low. 
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A  comparison  of  the  straight- sided  versus  dogbone  specimens  tested  in  this  study 


showed  different  results  depending  on  the  microstructure.  For  the  material  with  the  smaller  cell 
bundles,  the  geometry  did  not  seem  to  have  an  effect  on  the  average  strength.  For  the  material 
with  the  coarser  microstructure,  the  average  strength  for  the  dogbone  specimens  is  lower  than 
for  the  straight- sided.  This  is  opposite  to  the  trend  that  would  be  expected  if  gripping  was  an 
issue.  However,  since  there  is  no  effect  of  individual  cell  size  and  no  significant  effect  of  cell 
bundle  size  on  the  strength  and  stiffness,  one  can  say  that  the  results  are  within  the  scatter  of  the 
entire  data  set. 

Another  issue  to  consider  with  specimen  geometry  is  the  effect  of  specimen  width  on  the 
properties  of  the  material.  Generally,  there  exists  an  edge  effect  when  testing  laminated 
composites  of  finite  width  that  is  associated  with  a  triaxial  state  of  stress  near  free  edges  (or 
other  geometric  discontinuities),  where  stress  transfer  is  mostly  by  interlaminar  stresses42"4’.  The 
presence  of  interlaminar  shear  stresses  in  the  region  effected  can  influence  the  failure  mode  and 
properties.  The  magnitude  of  these  stresses,  and  thus  the  width  of  the  effected  zone  away  from 
the  edge,  are  a  function  of  the  elastic  properties,  ply  angles,  stacking  sequence,  and  ply 
thickness42"45.  Anomolies  at  the  edges  associated  with  hot-pressing  or  machining  can  also 
influence  the  stress- state  at  the  edges.  A  simple  estimate  of  the  boundary  layer  for  edge  effects 
is  anywhere  from  one  to  two  times  the  laminate  thickness42"43. 

To  determine  if  the  specimen  width  has  influenced  the  tensile  strength  measured  in  this 
study,  an  experiment  was  performed  on  both  straight- sided  and  dogbone  specimens  with 
different  test  widths.  Three  different  specimen  widths  were  considered  for  each  geometry: 
19mm,  16  mm,  and  12.5  mm.  The  materials  used  for  this  side  experiment  were  fabricated 
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differently  than  the  test  material.  The  straight- sided  specimens  came  from  material  with  a 
different  binder  system  and  the  dogbone  specimens  came  from  material  with  the  same  binder 
system  as  the  original  materials  being  tested  in  this  study,  but  had  a  slower  binder  burnout 
schedule.  Due  to  the  differences  in  material  processing,  the  idea  of  this  aside  was  not  to 
compare  nominal  values  of  strength,  but  to  look  at  trends  in  behavior  with  respect  to  specimen 
width. 

The  strength  data  from  the  fast  fracture  tests  performed  as  a  function  of  width  are 
shown  in  Figure  4.6.  The  results  do  not  show  conclusively  that  there  is  an  effect  of  specimen 
width  on  the  tensile  strength.  A  larger  number  of  tests  and  a  wider  range  of  specimen  widths 
should  be  tested  to  address  this  issue. 

This  plot  does  show,  however,  a  large  difference  in  strengths  measured  for  the 
differently  processed  materials.  There  is  a  large  drop  in  strength  shown  for  the  dogbone 
specimens  compared  to  the  straight- sided  specimens  which  is  believed  to  be  due  to  processing 
differences  and  not  due  to  specimen  geometry.  If  the  strengths  for  a  specimen  width  of  12.5 
mm  are  plotted  for  each  material  as  in  Figure  4.7,  one  might  conclude  that  the  new  binder 
system  enhances  strength  while  a  slow  binder  burnout  schedule  adversely  affects  strength.  With 
this  result  it  should  be  concluded  that  binders  and  processing  schedules  significantly  influence 
behavior  and  should  therefore  be  reported  with  any  mechanical  behavior  data  generated  on 
fibrous  monolith  materials. 

4.4  Summary 

Fast- fracture  tensile  testing  of  unnotched  specimens  showed  that  the  properties  of  the 
fibrous  monolith  materials  are  directly  related  to  the  reinforcing  phase  in  the  axial  direction  and 
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that  the  [- 45/0/-+45]  s  architecture  being  tested  in  this  study  may  not  provide  for  optimum 
fracture  resistance  compared  to  neat  SitN4  material  as  illustrated  by  the  large  range  in  the 
WOFt  results. 

Fracture  surfaces  of  the  fibrous  monolith  tensile  coupons  show  that  fracture  is  influenced 
by  the  largest  microstmctural  feature  which  is  the  cell  bundles  in  multi- filament  coextruded 
materials  and  not  the  individual  cells.  The  two  materials  tested  herein  not  only  had  differing 
individual  cell  sizes  but  also  different  cell  bundle  sizes  due  to  the  processing  technique.  A 
comparison  of  the  results  obtained  by  testing  straight -sided  specimens  from  the  two  different 
fibrous  monolith  materials  showed  that  there  is  statistically  no  significant  difference  in  the 
strength.  However,  a  larger  variability  in  strength  from  plate  to  plate  was  observed  for  the 
material  with  the  finer  microstmctural  features,  which  was  attributed  to  processing  and 
machining.  Total  work  of  fractures  based  on  actuator  stroke  implies  that  the  material  with  the 
larger  cell  bundles  may  have  increased  energy  absorption  capacity. 

Tensile  data  were  generated  for  dogbone  specimens  from  both  microstructures  of  the 
fibrous  monolith  materials  to  address  specimen  geometry  issues.  The  results  of  the  strength 
comparison  for  the  two  specimen  geometry’s  were  inconclusive.  Other  fibrous  monolith 
materials  were  used  to  address  the  effect  of  specimen  width  on  the  strength.  The  outcome  of 
this  experiment  was  also  inconclusive  due  to  the  limited  number  of  data  obtained.  These  data 
show  that  a  significant  difference  in  material  properties  can  result  with  changes  in  binder  systems 
and  burnout  schedules  and  it  was  verified  that  pedigree  of  the  fibrous  monolith  materials  should 
be  considered  when  comparing  data. 
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Figure  4.1  Tensile  plot  showing  typical  stress  versus  strain  behavior  of  monolithic  ShN4. 


Figure  4.2  Photograph  of  a  fractured  monolithic  SfN4  tensile  specimen  illustrating  the  brittle 

fracture. 
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Figure  4.3  (a)  Tensile  plot  showing  typical  stress  versus  strain  behavior  of  ShN4-BN  FM 
material  with  a  nominal  cell  size  of  125pm. 
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Figure  4.3  (b)  Tensile  plot  showing  typical  stress  versus  strain  behavior  of  S^N^BN  FM 
material  with  a  nominal  cell  size  of  250pm. 
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Figure  4.4  Photographs  of  fractured  straight -sided  fibrous  monolith  tensile  specimens. 
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Figure  4.5  (b)  Tensile  plot  showing  stress  versus  strain  behavior  of  SfeN^BN  FM  material  with 
a  nominal  cell  size  of  250pm  and  dogbone  geometry. 
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Figure  4.6  Strength  versus  width  for  three  differently  processed  FM  materials.  Results  are 
inconclusive  as  to  a  width  effect  on  the  strength  in  the  case  for  the  straight -sided  or  the  dogbone 

specimens. 
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Figure  4.7  Bar  plot  which  shows  that  there  may  be  an  effect  of  the  processing  on  the  strength. 
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CHAPTER  5 


FAST  FRACTURE  OF  MODIFIED  SINGLE-EDGE  NOTCH  SPECIMENS 

The  following  chapter  presents  and  compares  the  data  generated  through  fast- fracture 
testing  modified  single-edge  notch  specimens  of  the  different  test  materials.  The  first  section 
reviews  the  results  for  both  the  monolithic  and  the  fibrous  monolith  materials  obtained  using 
MSE(T)  specimens  with  a  notch- to- width  ratio  of  0.3.  Included  in  this  section  are  data 
generated  for  specimens  tested  at  both  room  temperature  and  at  1 150°C.  The  second  section 
presents  the  results  of  testing  MSE(T)  specimens  with  various  notch  lengths.  The  applicability 
of  two  different  approaches  to  describe  the  material  behavior  were  evaluated:  a  Linear- Elastic 
Fracture  Mechanics  (LEFM)  approach,  and  a  net- section  stress  approach.  A  comparison  of 
the  fracture  behaviors  was  ultimately  made  using  work  of  fracture  measurements  and 
observations  made  about  the  damage  progression  through  NDE.  All  data  generated  through 


fast-fracture  testing  MSE(T)  specimens  are  presented  in  Table  5.1. 


Test 

Notch  Size 

Microstructure 

Initial 

Initial 

WOF 

Temp 

a0/W 

ID# 

E(CMOD) 

Compl  (CMOD) 

Max  Load 

CMOD  @ 

load  pt  d  @ 

Net  Section 

(app) 

■^0  (initial) 

Kq  (initial) 

Total  -  LPd 

rc> 

(GPa) 

(m/N) 

(kN) 

max  load 

max  load 

Stress  (MPa) 

(MPa|m) 

(MPa|m) 

(MPa|m) 

(J/m2)) 

125  urn 

97-B58 
failed  in  grip 

6.9614 

0.015469 

0.058381 

-140 

na 

5.29 

7.03 

3874 

0.1 

250  pm 

97-B78 
did  not  fail 

9.0926 

0.011403 

0.045703 

-122 

na 

8.58 

9.73 

2765 

Neat 

97-K37 

268 

0.898 

4.1036 

0.0036818 

0.052943 

96 

7.66 

233 

125  pm 

97-B55 

211 

2.19 

6.815 

0.034482 

0.054661 

154 

16.91 

7.69 

9.93 

3946 

0.2 

0.035487 

0.056092 

250  pm 

97-B70 

203 

1.53 

8.817 

0.033409 

0.051226 

133 

14.68 

7.49 

11.65 

4253 

0.051945 

0.064105 

97-B43 

215 

3.57 

5.4714 

0.039594 

141 

18.20 

6.32 

10.81 

125  |jm 

97-B47 

4.916 

0.034498 

0.047506 

127 

16.36 

6.66 

9.98 

1909 

23 

0.3 

97-B57 

224 

3.48 

4.983 

0.034665 

0.04804 

129 

16.75 

5.88 

10.76 

2158 

97-B65 

8.02 

0.048321 

0.045217 

149 

18.12 

5.08 

9.04 

2600 

250  pm 

97-B75 

206 

2.5 

7.6881 

0.046468 

134 

16.95 

7.16 

10.58 

97-K32 

287 

3.13 

1.9932 

0.0062799 

0.011087 

60 

7.72 

225 

Neat 

97-K36 

289 

3.13 

2.088 

0.0065094 

0.012878 

62 

8.07 

285 

125  |jm 

97-B46 

3.307 

0.046849 

0.031766 

119 

17.86 

8.10 

10.80 

1052 

0.5 

250  pm 

97-B62 

5.062 

0.056684 

0.10173 

122 

18.35 

5.44 

9.06 

1454 

Neat 

97-K33 

262 

8.06 

1.1065 

0.0090101 

0.0057235 

46 

6.96 

48 

Table  5.1  Results  from  fast- fracture  testing  S&N4-BN  and  monolithic  SfN4  materials. 
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5.1  Fast  Fracture  of  MSE(T)  Specimens  -  a/W  =  0.3 


This  section  reviews  the  data  for  fast- fracture  tests  mn  continuously  to  failure  on  the 
neat  and  the  fibrous  monolith  materials  using  MSE(T)  specimens  with  an  ao/W  ratio  of  0.3. 

Refer  to  Figure  3.10  for  an  illustration  of  the  MSE(T)  specimen  geometry.  An  ao/W  of  0.3  was 
chosen  for  the  majority  of  the  tests  as  it  allowed  for  a  sufficient  number  of  cell  bundles  on  either 
side  of  the  notch  and  was  thought  to  be  outside  the  boundary  layer  for  interference  due  to  edge 
effects.  In  the  material  with  the  largest  cell  bundles,  a  notch  length  of  5.71  mm  allowed  for  60% 
of  the  2  mm  cell  bundles  to  remain  in  front  of  the  notch.  The  notch  length  was  also  larger  than 
the  material  thickness  (which  was  4.3  mm  for  the  thickest  material).  A  notch  length  larger  than 
the  material  thickness,  conceivably  insures  that  the  test  would  not  be  affected  by  interlaminar 
shear  stresses  at  the  composite  edges.  With  the  chosen  notch  length,  the  edge  defects  identified 
due  to  processing  were  also  not  considered  an  issue  as  illustrated  in  Figure  3.6. 

5.1.1  Room  Temperature  Behavior 

At  room  temperature,  tests  on  MSE(T)  specimens  of  all  materials  were  performed  with 
strain  gages  and  acoustic  emission  transducers  implemented  on  either  side  of  the  notch  in  order 
to  capture  information  about  the  onset  and  progression  of  damage  from  the  notch  tip.  In 
addition,  certain  specimens  were  inspected  both  prior  to  and  following  testing  using  several  non¬ 
destructive  techniques  in  order  to  better  characterize  the  damage. 

Representative  data  from  a  fibrous  monolith  specimen  with  the  smaller  microsfructure, 
97-B47,  are  given  in  Figures  5.1  (a)  through  Figure  5.1  (e).  Figure  5.1  (a)  shows  the  load 
versus  displacement  trace  that  contains  data  obtained  by  the  CMOD  extensometer,  two  strain 
gages,  and  the  AE  transducers.  The  loading  data  are  non-linear  to  failure  and  show  a  number  of 
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discontinuities  where  relative  changes  in  CMOD  are  detected  with  little  increase  in  load.  These 


discontinuities  are  associated  with  the  progression  of  damage.  Specimen  failure  occurred  at  a 
load  of  approximately  4.9  kN  and  crack  mouth  opening  displacement  of  0.04  mm. 

The  microstrain  data  recorded  shows  a  change  in  linearity  near  where  the  first  AE 
events  are  detected.  The  maximum  microstrain  occurs  after  the  on-set  of  non-linearity  in  the 
loading  data.  The  traces  for  strain  gages  number  one  and  number  two  are  of  differing 
magnitude.  The  reason  being  that  they  are  on  45°  plies  and  will  not  necessarily  see  the  same 
strain  on  either  side  of  the  notch.  This  response  is  consistent  for  specimens  of  both  the  fibrous 
monolith  materials  with  an  aoAV  of  0.3  and  therefore  is  useful  in  detecting  initial  and  later  stages 
of  damage. 

The  plot  in  Figure  5.1  (a)  also  illustrates  that  acoustic  emission  events  are  first  detected 
at  fairly  small  displacements.  The  load  that  corresponds  to  the  first  AE  events,  and  conceivably 
the  onset  of  damage,  is  approximately  2  kN.  Perhaps  other  critical  stages  in  the  load-CMOD 
trace  for  damage  progression  are  portrayed  by  rapid  increases  in  AE  detections  with  small 
changes  in  CMOD.  It  is  observed  that  steep  increases  in  the  number  of  events  occur  at 
displacements  which  correspond  to  those  discontinuities  in  the  load-CMOD  trace  and  therefore 
may  also  indicate  that  damage  is  rapidly  progressing  at  those  conditions. 

Data  from  the  NDE  techniques,  are  shown  in  Figures  5.1  (b),  (c),  (d),  and  (e).  The 
damage  induced  is  widespread  and  is  not  contained  directly  behind  the  notch.  From  the 
radiograph  in  Figure  5.1  (b),  pronounced  cracks  can  be  seen  along  the  +45°  and  -45° 
directions  corresponding  to  cracking  along  the  cell  bundles  in  those  orientations.  Cracks  can 
also  be  detected  both  between  and  through  the  0°  bundles.  There  may  also  be  evidence  of 
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delamination  in  the  radiograph  as  the  texture  on  the  surface  of  the  layer  below  the  delaminated 


layer  can  be  seen.  The  dark  features  in  the  radiograph,  which  correspond  to  the  processing 
flaws  (identified  in  Chapter  3),  do  not  appear  to  have  any  influence  on  the  failure  mode. 

Hie  thermal  image  and  the  c-scan  in  Figures  5.1  (c)  and  5.1  (d),  respectively,  clearly 
show  evidence  that  there  are  delaminated  plies  behind  the  notch.  Although  both  images  outline 
the  same  damage  zone,  the  thermal  image  shows  greater  resolution.  The  through- ply  cracks 
running  along  the  45°  direction  are  depicted  in  this  image  whereas  they  are  not  in  the  c-scan, 
and  the  intensity  of  the  thermal  image  suggests  that  the  damage  exists  on  different  levels  within 
the  test  specimen.  The  c-scan,  on  the  other  hand,  detects  some  of  the  differences  in  density  due 
to  the  processing  flaws  which  can  also  be  seen  in  the  radiograph. 

The  histogram  in  Figure  5.1  (e)  shows  the  number  of  AE  events  detected  at  various 
locations  along  the  length  of  the  specimen.  AE  events  were  detected  in  a  large  range  around  the 
notch.  The  location  of  the  AE  events  identifies  that  there  is  distributed  damage  ahead  of  the 
crack  tip. 

Similar  information  for  a  representative  specimen  with  the  coarser  microstructure,  97- 
B65,  is  presented  in  Figure  5.2  (a)  through  5.2(e).  The  behavior  is  similar  to  the  material  with 
the  smaller  cell  bundles,  the  load-CMOD  trace  is  essentially  non-linear  to  failure.  This  specimen 
failed  around  8  kN  after  a  displacement  of  0.048  mm.  The  large  difference  in  load  carrying 
capability  between  the  two  materials  is  due  to  the  difference  in  cross-sectional  areas. 

As  before,  there  are  changes  in  the  slope  of  the  microstrain  traces  for  both  gage  one 
and  gage  two  which  correspond  to  the  first  AE  events  at  a  load  of  2  kN.  The  maximums  for 
gage  number  one  and  gage  number  two  coincide  with  loads  of  7  and  6  kN,  respectively.  At 
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approximately  6  kN  there  is  also  a  noticeable  bend  in  the  load- displacement  trace  and  a  rapid 


increase  in  the  number  of  AE  events  detected.  This  may  indicate  that  6  kN  is  a  critical  load  for 
damage  progression. 

The  NDE  data  from  test  specimen  97-B65  are  shown  in  Figure  5.2  (b),  (c),  (d),  and 
(e).  The  damage  zone  detected  using  NDE  for  this  test  specimen  was  larger  than  was  detected 
for  the  material  with  the  finer  microstructure.  This  is  consistent  with  the  displacement  measured 
for  this  specimen.  In  the  x-ray  radiograph  in  Figure  5.2  (b),  again  pronounced  cracks  can  be 
seen  along  the  +  and  -  45°  directions  corresponding  to  cracking  between  cell  bundles  in  those 
orientations.  Cracks  can  also  be  detected  across  the  0°  cell  bundles  and  along  on  the  axial 
direction  between  cell  bundles. 

The  thermal  and  c-scan  images  shown  in  Figures  5.2  (c)  and  (d),  respectively,  illustrate 
that  the  cracks  seen  in  the  radiograph  outline  a  large  delaminated  zone  behind  the  notch.  The 
AE  histogram  in  Figure  5.2  (e)  does  not  depict  the  extent  of  the  damage  zone  as  well  as  for  the 
specimen  discussed  earlier.  It  does  show  that  a  larger  number  of  events  were  detected  on  the 
load  cell  side  of  the  notch,  yet  adjacent  to  the  notch.  AE  events  on  the  actuator  side  of  the 
notch  were  located  significantly  further  away  from  the  plane  of  the  notch. 

Data  shown  in  Figures  5.3  (a)  through  5.3  (c)  is  for  specimen  97-K32,  a  monolithic 
Si4N4  fracture  specimen.  The  behavior  shown  here  is  linear,  and  failure  occurred  at  a  load  of  2 
kN.  The  strain  behavior  was  linear  to  failure.  The  strain  gages  on  either  side  of  the  notch 
measured  identical  values  indicating  the  fracture  bisected  them.  Only  one  acoustic  emission 
event  was  detected  during  the  test  and  is  associated  with  the  CMOD  at  the  point  of  failure. 
Although  no  NDE  data  were  taken  on  the  neat  Si4N4  material,  a  photograph  of  the  failed 
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specimen  is  shown  in  Figure  5.3  (b).  The  photograph  shows  the  characteristic  brittle  nature  of 


the  fracture.  One  crack  grew  in  the  plane  of  the  notch  until  failure.  The  histogram  in  Figure  5.3 
(c)  depicts  the  one  acoustic  emission  event  as  being  detected  in  the  center  of  the  specimen  at 
the  notch. 

5.1.2  Elevated  Temperature  Behavior 

Results  from  testing  both  of  the  fibrous  monolith  materials  and  the  neat  material  at 
1 150°C  are  given  in  Figures  5.4  (a)  through  5.4  (d).  Figure  5.4  (a)  is  a  plot  of  stress  versus 
displacement  measured  by  the  CMOD  extensometer.  The  data  are  shown  in  terms  of  applied 
stress  as  the  materials  have  different  cross-sectional  areas.  The  behavior  of  the  two  fibrous 
monolith  materials  is  identical.  The  behavior  is  linear  at  low  loads  followed  by  rapid 
displacements  out  to  failure.  The  neat  material  shows  linear  behavior.  The  data  for  all  three 
tests  shows  a  significant  amount  of  noise  that  is  attributed  to  linear  expansion  of  the 
extensometer  rods,  and  therefore  the  data  for  the  neat  material  is  represented  with  a  dashed  line 
on  the  plot. 

Damage  from  testing  is  depicted  for  each  material  by  x-ray  radiographs  shown  in 
Figures  5.4  (b),  (c),  and  (d),  respectively.  The  damage  detected  in  both  fibrous  monolith 
materials  show  similar  widespread  damage  as  seen  at  room  temperature.  Damage  features  such 
as  cracks  along  the  cell  boundaries  in  the  45°  and  0°  plies  as  well  as  delamination  and  cell 
bundle  fractures  can  be  identified.  The  neat  material  shows  a  single  brittle  failure  in  the  same 
plane  as  the  notch. 

5.1.3  Discussion 

5. 1 .3. 1  Behavior  of  Fibrous  Monolith  versus  Monolithic 
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Figure  5.5  shows  applied  stress  (far- field  stress)  versus  displacement  curves  for  the  two 


fibrous  monolith  materials  and  the  monolithic  material.  The  plot  in  5.5  (a)  shows  the  relationship 
between  applied  stress  and  the  displacement  measured  by  the  extensometer  near  the  crack 
mouth  opening  while  5.5  (b)  shows  stress  versus  displacement  measured  at  the  point  of  loading. 
Both  plots  illustrate  that  the  fibrous  monolith  materials  can  withstand  higher  applied  stresses  and 
show  enhanced  toughness  over  the  stiffer  neat  material  in  the  presence  of  a  notch.  This  data 
documents  the  enhanced  toughness  of  fibrous  monolith  ceramics  over  monolith  ceramics. 

There  is  a  distinct  difference  in  the  nature  of  the  fracture  between  the  neat  and  in  the 
fibrous  monolith  materials.  Fibrous  monoliths  show  evidence  of  extended  failure  by  widespread 
delamination,  whereas  the  neat  material  fails  with  a  single  catastrophic  crack.  Figure  5.6 
illustrates  further  the  difference  between  the  fractures  obtained  for  the  fibrous  monolith  and  neat 
materials  with  a  notch.  Hie  neat  fracture  in  5.6  (a)  looks  flat  and  smooth  to  the  right  of  the 
notch.  The  fibrous  monolith  specimen  in  5.6  (b)  has  a  large  amount  of  cell  bundle  pull-out 
which  outlines  the  comparatively  torturous  crack  path. 

5. 1.3.2  Fracture  Behavior  as  a  Function  of  Microstructure 

The  plots  in  5.5  (a)  and  5.5  (b)  illustrate  that  the  two  fibrous  monolith  materials  show 
nearly  identical  behavior.  The  material  with  the  2  mm  cell  bundles 
(250  (jin  cells)  appears  to  have  gone  to  a  slightly  higher  stress  and  displacement  to  failure. 
Consistent  with  that  result,  it  was  demonstrated  through  the  NDE  results  that  the  material  with 
the  coarser  microstructure  fractures  with  a  more  widespread  damage  zone  and  with  significantly 
more  AE  events  detected. 
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The  damage  in  both  of  the  fibrous  monolith  materials  was  similar  in  nature  as  illustrated 


in  Figures  5.7  (a)  and  5.7  (b).  The  figures  show  the  fine  and  coarse  microstructure, 
respectively,  taken  from  the  edge  view  on  the  opposite  side  of  the  notch  of  failed  specimens.  In 
both  cases  the  failure  probably  initiated  in  the  cell  boundary  material  between  cell  bundles  of  the 
45°  surface  layers.  These  cracks  are  deflected  at  the  underlying  0°  plies  and  then  run  in  the 
axial  direction  between  the  surface  45°  ply  and  the  0°  ply  until  they  hit  a  “weak”  spot  in  the  0° 
ply  and  can  cut  through.  This  phenomenon  is  similar  to  that  observed  by  King17  and  Kover  et. 
al.18. 

5. 1.3.3  Fracture  Behavior  -  Room  versus  Elevated  Temperature 

In  comparing  the  behavior  at  1 150°C  for  the  fibrous  monolith  materials  with  that  at 
room  temperature,  there  is  approximately  a  50%  loss  in  strength.  The  neat  material  exhibited 
approximately  a  24%  loss  in  strength.  Refer  to  Figures  5.4  and  5.5  (a)  for  a  comparison  of  the 
elevated  temperature  and  room  temperature  behaviors  shown  in  terms  of  applied  stress  versus 
CMOD.  It  is  suspected  that  the  decrease  in  strength  at  high  temperature  for  these  fibrous 
monolith  materials  may  be  the  result  of  glassy  phases  in  the  BN  phase,  which  weakens  the  BN 
at  1150°C.  Both  of  the  fibrous  monolith  materials  did  experience  slightly  larger  displacements 
to  failure  at  elevated  temperature  than  at  room  temperature. 

The  overall  changes  in  behavior  for  the  fibrous  monoliths  are  similar  to  that  observed  in 
flexure  above  1 100°C.  The  drop  in  strength  observed  in  flexure  was  attributed  to  the  existence 
of  an  amorphous  phase  in  the  grain  boundaries  of  both  the  Si;N4  and  the  BN  phases  from 
processing  '  '  ’  .  The  amorphous  phase  softens  significantly  at  temperatures  above  1 100°C 
and  reduces  strength.  Although  analytical  microscopy  of  the  fractured  specimens  tested  at 
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1 150°C  in  this  study  was  not  performed  to  document  the  existence  of  the  amorphous  phase,  it  is 


assumed  that  the  same  phenomenon  has  occurred. 

Similar  to  the  results  for  flexure,  there  was  a  small  decrease  in  the  overall  work  of 
fracture  from  room  to  elevated  temperature.  Results  from  a  study  by  Trice27' 29 indicated  that  the 
lengths  of  the  delamination  type  cracks  were  longer  than  those  after  room- temperature  testing. 
Trice  also  observed  a  change  in  the  fracture  initiation  from  tensile  to  shear  at  1100°C  due  to  the 
weakened  BN  phase.  In  this  case,  displacements  measured  were  longer  which  is  consistent 
with  a  greater  amount  of  cracking  before  failure.  The  x-ray  radiographs  do  not  show  any 
noticeable  differences  in  the  fracture  morphologies  between  room  and  elevated  temperatures  in 
this  study. 

5.2  Fast  Fracture  of  MSE(T)  Specimens  with  Various  Notch  Lengths 

This  section  reviews  the  results  from  testing  the  various  materials  using  notch- to- width 
ratios  of  0.1,  0.2,  and  0.5.  Specimens  from  both  fibrous  monolith  microstructures  were  tested 
with  the  various  notch  lengths.  The  SfN4  neat  material  was  only  tested  with  the  smallest  and  the 
largest  notch  lengths. 

5.2.1  Fast- Fracture  Behavior  -  ao/W  =  0.1 

Figures  5.8  (a)  and  5.8  (b)  compare  the  two  fibrous  monolith  materials  and  the  neat 
material  with  an  ao/W  of  0.1.  These  plots  show  the  relationship  between  applied  stress  and  the 
displacement  measured  by  the  CMOD  extensometer  and  the  LPD  extensometer,  respectively. 
Notch  lengths  as  small  as  1.9  mm  demonstrate  how  the  monolithic  Si;N4  material  suffers 
compared  to  the  fibrous  monolith  materials. 
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Although  the  data  from  the  fibrous  monoliths  are  shown  in  the  figures  for  comparison  to 


the  neat  material,  no  comparison  can  be  made  between  the  two  fibrous  monolith  materials  as 
neither  one  had  a  failure  that  initiated  at  the  notch.  The  material  with  the  finer  microstructure  did 
not  fail  within  the  gage  length  of  the  specimen.  This  behavior  suggests  that  the  inherent  flaws  in 
the  microstructure  are  greater  in  size  than  the  machined  notch.  The  material  with  the  coarser  cell 
structure  did  not  fail  because  the  load  limit  of  the  test  machine  was  reached.  The  unloading  data 
for  this  specimen  are  shown  in  the  plots  as  well. 

When  comparing  the  data  obtained  from  the  CMOD  and  load- point  extensometers,  the 
latter  measures  larger  displacements  to  failure.  Similar  differences  in  displacements  were 
observed  with  the  neat  material. 

5.2.2.  Fast- Fracture  Behavior  -  a0/W  =  0.2 

The  plots  given  in  Figures  5.9  (a)  and  5.9  (b)  compare  the  two  fibrous  monolith 
materials  with  an  aoAV  of  0.2.  The  neat  material  was  not  tested  with  this  notch  length.  Unlike 
for  the  a(/W  ratio  of  0.3,  the  finer  microstructure  withstands  a  higher  stress  than  does  the  coarse 
material.  However,  the  difference  in  strength  values  lies  within  the  scatter  for  strength. 
Displacement  data  taken  near  the  notch  opening  suggests  that  the  coarser  microstructure 
appears  to  exhibit  slightly  more  displacement  than  the  fine  grain  material.  This  is  consistent 
with  the  results  from  the  fibrous  monolith  specimens  tested  with  an  a(/W  of  0.3.  The 
displacements  measured  near  the  notch  opening  are  approaching  those  measured  by  the  load- 
point  extensometer.  The  applied  stresses  and  load-point  displacements  measured  for  both  of 
the  fibrous  monolith  materials  are  larger  than  those  measured  for  the  specimens  with  the  aoAV  of 
0.3  (Figure  5.5). 
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5.2.3  Fast-Fracture  Behavior  -  ao/W  =  0.5 


The  data  from  specimens  tested  with  the  longest  notch  length  (9.5  mm)  are  given  in 
Figures  5.10  (a)  and  5.10  (b).  All  of  the  materials  show  a  decreased  in  strength.  The  fibrous 
monolith  materials  show  greater  retained  strength  compared  to  the  neat  Si3N4  material  in  the 
presence  of  the  notch.  In  comparing  the  two  fibrous  monolith  materials,  again  the  coarser 
microstructure  appears  to  show  slightly  larger  displacements  to  failure.  One  distinct  difference  is 
that  both  fibrous  monolith  materials  exhibited  substantially  more  displacement  for  a  given  stress 
level  when  measured  near  the  crack  mouth  opening.  For  this  notch  length  it  was  also  observed 
that  the  overall  displacements  are  now  larger  near  the  notch  than  at  the  grips  and  that  the  overall 
displacements  at  the  point  of  loading  are  smaller  than  for  the  shorter  notch  lengths.  This  shift  in 
behavior  suggests  that  there  has  been  a  significant  change  in  how  damage  occurs  in  the 
specimen  and  in  the  constraints  to  bending  and  rotation  of  the  specimen.  The  neat  material  does 
not  show  a  significant  difference  in  behavior  between  the  displacement  measured  near  the  notch 
opening  or  at  the  point  of  gripping. 

5.2.4  Discussion 

5.2.4. 1  Notched  Behavior  -  CMOD  versus  LPD 
Differences  seen  in  the  data  from  the  fibrous  monoliths  depicted  by  the  CMOD 
extensometer  compared  to  the  LPD  extensometer  are  what  might  be  expected  for  a  composite 
material  tested  in  the  single-edge  notch  geometry  with  clamped  ends.  For  the  shortest  notch 
size,  the  displacement  at  the  load  point  is  larger  than  that  measured  at  the  notch  opening.  For 
the  largest  notch  size,  the  displacement  at  the  notch  opening  is  larger.  When  the  notch  size  is 
small,  the  entire  specimen  experiences  deformation  and  therefore  the  global  displacement  (as 
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measured  at  the  load  point)  is  greater.  When  the  notch  size  is  large,  the  average  stress  level  is 


small  and  therefore  most  of  the  specimen  does  not  deform. 

One  interesting  observation  is  that  for  all  four  notch  length  tested,  the  load  point  CMOD 
versus  stress  traces  have  nearly  the  same  slope.  However,  for  the  CMOD  measurements  near 
the  crack  mouth  opening,  the  largest  crack  length  investigated  exhibited  a  more  gradual  slope  on 
the  stress  versus  CMOD  trace.  This  suggests  that  there  is  a  change  in  the  fracture  process  for 
this  crack  length.  It  is  suggested  that  this  change  is  most  likely  driven  by  rotation  and  bending  in 
the  specimen  as  a  result  of  the  long  notch  length.  In  addition,  the  fracture  zone  was  confined  to 
a  narrow  region  ahead  of  the  notch. 

5.24.2  Notched  Behavior-  Fracture  Morphology 

The  effect  of  the  notch  length  on  the  behavior  may  best  be  studied  along  with  the 
corresponding  NDE  of  the  fracture.  Figures  5.11  (a)  through  5.11  (e)  contains  both  destmctive 
and  nondestructive  data  from  the  material  with  the  1  mm  cell  bundles  (125  micron  cells).  The 
plot  in  5.11  (a)  shows  the  normalized  load  versus  the  normalized  CMOD  data  for  each  notch 
length.  Hie  figure  does  not  include  a0AV  of  0.1  since  the  failure  did  not  occur  at  the  notch  for 
that  specimen.  The  plot  shows  that  there  is  a  notch  length  effect.  As  the  notch  gets  longer,  the 
relationship  between  normalized  load  and  normalized  displacement  becomes  more  linear.  One 
way  of  interpreting  this  behavior  would  be  that  there  is  a  decrease  in  the  distributed  damage 
zone  created  ahead  of  the  notch. 

Radiographs  from  each  specimen  for  the  finer  microstructure  are  shown  in  5.11  (b),  (c), 
(d),  and  (e).  The  radiograph  for  the  specimen  tested  with  an  a0/W  of  0.1  in  Figure  5.11  (b) 
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shows  how  the  only  damage  occurred  within  the  gripped  area  which  was  the  cause  failure. 
Given  the  precise  alignment  of  the  test  frame,  a  failure  in  the  grips  suggests  that  the  stress 
concentration  at  the  clamping  grip  combined  with  naturally  occurring  defects  within  the  fibrous 
monolith  material  have  more  of  an  effect  than  the  small  machined  notch.  Therefore,  the  material 
is  insensitive  to  the  notch. 

Hie  specimen  with  an  ao/W  ratio  of  0.2  in  Figure  5.11  (c)  shows  a  large  damage  zone 
away  from  the  notch.  There  is  evidence  of  widespread  delamination  and  through  ply  cracking. 
There  is  a  crack  in  a  45°  ply  and  in  a  0°  ply  which  emanates  from  the  notch,  but  there  are 
additional  cracks  in  the  +  and  -  45°  plies  and  delamination  type  cracks  which  extend  across  the 
width  of  the  specimen. 

It  is  suggested  that  cracks  away  from  the  notch  were  initiated  by  shear  stresses  that 
resulted  during  the  failure  process.  The  higher  loads  required  to  fail  the  net- cross  section  of  the 
specimen  with  an  a/W  of  0.2  may  have  allowed  for  this  larger  damage  zone  area. 

In  comparison,  the  specimen  with  the  notch  length  of  5.71  mm  (ao/W  of  0.3)  shows  that 
the  damage  is  contained  within  about  a  12  mm  zone  on  either  side  of  the  notch  and  originates 
from  the  notch  tip.  The  damage  seen  in  this  radiograph  was  described  in  an  earlier  section. 
Finally,  the  longest  notch  length  has  the  smallest  damage  zone,  with  all  of  the  damage  emanating 
from  the  notch  tip. 

The  normalized  plot  and  the  radiographs  for  the  material  with  the  250  pni  cells  are 
shown  in  Figure  5.12  (a)  through  5.12  (e).  The  cross-sectional  area  of  the  specimen  with  the 
smallest  notch  resulted  in  a  required  maximum  load  that  was  too  large  to  fail  the  specimen  in  the 
test  system.  Therefore,  the  data  from  this  specimen  are  not  shown  in  5.12  (a).  The  data  for  the 
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other  specimens  show  the  same  trend  as  for  the  material  with  the  smaller  cell  bundles.  As  the 


notch  length  increases,  the  load  versus  displacement  relationship  becomes  slightly  more  linear. 

In  this  case  the  data  for  an  ao/W  of  0.2  and  0.3  show  the  same  behavior  until  reaching  about 
75%  of  the  peak  load  (50%  of  the  peak  CMOD).  At  that  point  the  material  with  the  longer 
notch  length  experiences  larger  displacements  at  the  notch  opening  with  increasing  loads. 

The  radiograph  for  the  specimen  with  an  aoAV  of  0.1  is  shown  in  Figure  5.12  (b).  Due 
to  the  small  notch  size  and  large  specimen  geometry,  it  was  not  possible  to  load  this  specimen  to 
failure.  The  lack  of  damage  suggests  that  no  large  stress  concentration  existed  at  the  notch  tip. 
The  specimen  with  the  aoAV  of  0.2  in  Figure  5.12  (c)  shows  widespread  delamination  similar  to 
that  observed  in  the  material  with  the  finer  microstmcture.  There  are  delamination  and  through¬ 
thickness  cracks  that  mn  along  cell  bundle  boundaries  in  the  445  directions  from  the  notch  as 
well  as  in  other  places  along  the  edge.  The  relatively  light  area  in  the  radiograph  is  an  area 
where  the  surface  layer  of  the  material  is  missing. 

The  damage  in  the  specimen  tested  with  an  aoAV  ratio  of  0.3  in  Figure  5.12  (d)  was 
described  earlier.  However,  unlike  the  finer  material,  there  is  some  cracking  away  from  the 
notch.  This  material  is  thicker  and  has  thicker  plies  whose  stacking  could  have  influenced  the 
material  farther  away  from  the  edges  compared  to  the  thinner  material.  The  thicker  material 
requires  higher  loads  to  fail  the  specimen  which  also  may  have  allowed  for  the  differences  in 
failure  morphology. 

Hie  specimen  with  the  longest  notch  is  shown  in  Figure  5.12  (e).  The  radiograph  in  this 
case  shows  damage  which  is  more  localized  behind  the  notch.  The  cracks  all  appear  to  be 
influenced  by  the  presence  of  the  notch. 
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The  normalized  plot  and  photographs  taken  of  the  failed  neat  samples  with  aoAV  ratios 


of  0.1,  0.3,  and  0.5  are  shown  in  Figures  5.13  (a)  through  5.13  (d).  The  three  traces  exhibited 
in  Figure  5.13  (a)  shows  that  for  all  three  notch  lengths  the  behavior  was  identical  to  failure,  with 
no  apparent  notch  length  effect.  Each  curve  shows  an  identical  linear  relationship  between 
normalized  load  and  CMOD.  It  has  been  suggested  in  the  literature46  that  notch  length  effects 
as  seen  in  fiber-reinforced  composites  also  exist  in  brittle  materials.  However,  the  notch  length 
effect  is  only  evident  at  notch  lengths  which  are  small  (<0.0254  mm)  where  the  stress  intensity  is 
negligible  and  therefore  are  typically  not  recognized.  The  photos  show  that  the  specimen 
fracture  morphology  does  not  appear  to  be  altered  by  the  notch  length.  Catastrophic  failure 
characterized  by  a  single  crack  in  the  plane  of  the  notch  is  observed  for  each. 

5.3  Theoretical  Prediction  of  Notch  Length  Effect 

The  trend  in  applied  stress  with  notch  length  is  shown  in  Figures  5.14  and  5.15  for  the 
neat  and  fibrous  monolith  materials,  respectively.  On  those  plots,  the  theoretical  predictions  for 
strength  with  notch  size  using  equations  from  linear- elastic  fracture  mechanics  (LEFM)  and  using 
net  section  stress  are  shown. 

5.3.1  Notch  Size  Effect  -  Monolithic  S(N4 

Figure  5.14  shows  that  the  strength  of  the  neat  material  follows  a  trend  with  a(lAV  ratio 
that  can  be  accurately  described  in  terms  of  stress  intensity  predicted  by  equations  from  LEFM. 
The  prediction  using  LEFM  principles  says  that  the  applied  stress  is  equal  to  the  stress  intensity 
factor,  K,  divided  by  the  square  root  of  the  notch  length  and  a  constant,  which  is  a  function  of 
specimen  geometry47"48.  The  value  of  K  in  this  case  is  defined  as  the  effective  toughness  of  the 
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material,  Kq.  The  value  of  Kq  approaches  the  critical  stress  intensity  factor,  Kc,  as  the 
specimen  size  increases  (plane  strain  conditions)47"48.  See  Appendix  E  for  the  development  of 
the  predicted  behavior  of  the  neat  material  in  terms  of  effective  toughness.  The  value  for 
effective  toughness  obtained  using  this  methodology  was  around  8  MPa^/m,  which  agrees  with 
values  of  fracture  toughness  found  in  the  literature  for  SisN4  materials41.  The  net- section  stress 
calculation  severely  overestimates  the  strength  as  it  does  not  take  into  account  the  stress 
intensity  at  the  notch. 

5.3.2  Notch  Size  Effect  -  Fibrous  Monoliths 

The  plot  in  Figure  5.15  shows  the  same  LEFM  and  net- section  stress  predictions  for 
the  fibrous  monolith  materials.  The  value  of  K  used  in  this  case  to  predict  the  notch  effect  in 
terms  of  LEFM  equations  was  calculated  using  the  initial  notch  length  and  the  load  at  the  onset 
of  non-linearity  in  the  load- displacement  trace.  The  calculations  for  this  prediction  are  given  in 
Appendix  F. 

Kq  in  this  case  is  smaller  than  for  the  neat  material  at  approximately  7  MPa^m  and  so 
the  LEFM  prediction  overestimates  the  effect  of  the  notch.  The  prediction  for  notch  size  effect 
in  terms  of  the  net- section  strength  was  calculated  using  the  average  tensile  strengths  from  the 
straight- sided  tensile  coupons  for  both  the  fine  and  coarse  microstructures  combined  (120 
MPa).  The  net- section  stress  prediction  in  this  case  was  slightly  lower  than  the  actual  test  data. 
The  most  likely  explanation  for  this  result  was  an  underestimate  of  the  true  tensile  behavior  of 
the  fibrous  monolith.  The  net- section  stress  prediction  in  Figure  5.15  was  based  on  the  average 
tensile  strength  collected  earlier  on  test  coupons  taken  from  each  fibrous  monolith  plate,  as 
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described  in  the  tension  test  result  section  earlier.  Given  the  scatter  in  the  tensile  data,  the  net 


section  results  fall  very  close  to  the  scatter  band. 

5.3.3  Discussion  -  LEFM  vs.  Net- Section  Stress 

The  applicability  of  LEFM  analysis  and  the  meaning  of  K  in  terms  of  toughness 
calculated  in  this  manner  for  the  fibrous  monolith  materials  is  limited  due  to  the  assumptions 
made  about  material  isotropy,  specimen  size,  damage  zone  size  and  morphology.  In  addition, 
the  original  notch  tip  stress  distribution  is  altered  at  the  onset  of  damage  and  can  no  longer  be 
modeled  by  LEFM  principles. 

Perhaps  a  more  correct  comparison  of  fracture  toughness  per  se  could  be  made  for  the 
fibrous  monolith  materials  versus  the  neat  material  using  these  equations  if  the  laminate  lay-up 
included  90°  plies  as  well.  These  materials  exhibit  quasi- isotropic  behavior  and  preliminary 
testing  on  a  quasi- isotropic  fibrous  monolith  specimen  showed  that  the  nature  of  the  fracture  in  a 
global  sense  may  be  more  applicable  to  this  analysis.  A  quasi- isotropic  specimen  that  was  19 
mm  wide  with  an  ao/W  of  0.3  was  tested  as  a  preliminary  check  on  the  methodology.  A 
comparison  of  the  fracture  surfaces  for  neat  material,  fibrous  monolith  material  with  a  [- 
45/0/+45]s  lay-up  and  a  fibrous  monolith  material  with  a  quasi- isotropic  architecture  is  shown  in 
Figure  5.16  (a),  (b),  and  (c),  respectively.  Although  the  failure  surface  of  the  quasi- isotropic 
specimen  still  shows  some  evidence  of  axial  splitting  and  cracking  in  the  45°  plies  out  of  plane, 
the  global  failure  occurred  in  the  plane  of  the  notch  unlike  for  the  material  with  the  [-45/0/+45]s 
architecture. 

The  use  of  LEFM  equations  on  quasi- isotropic  fibrous  monolith  materials  could  be 
further  substantiated  using  specimens  with  widths  much  larger  than  were  considered  in  this 
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study.  Wider  specimens  would  be  necessary  to  accommodate  flaw  sizes  large  enough  to  insure 


that  the  value  of  Kq  being  measured  approaches  Kc.  The  notch  length  effect  shown  by  the 
fibrous  monolith  materials  is  similar  to  that  seen  in  polymer  matrix  fiber- reinforced  composites. 
Data  reduction  techniques  to  describe  the  crack  (or  notch)  size  effect  in  fiber- reinforced 
laminate  composites  described  by  Sendeckyj46  identifies  that  Kq  asymptotically  approaches  Kc 
as  the  flaw  size  approaches  about  25.4  mm  for  typical  polymer  matrix  composites.  A  wider 
specimen  would  also  allow  for  a  globally  small  damage  zone  in  which  there  would  still  be  a 
region  where  elastic  stress  field  equations  are  applicable. 

Ultimately,  the  net- section  stress  prediction  in  Figure  5.15  is  a  more  applicable 
description  of  the  notched  behavior.  The  discrepancy  between  net- section  stress  and  notched 
strength  was  most  likely  due  to  an  underestimate  of  the  materials  tme  tensile  strength.  The 
apparent  lack  of  notch  sensitivity  in  FMs  may  be  aided  by  pre-existing  damage  in  the  form  of 
microcracks  in  the  BN  from  processing.  Other  researchers27"29  have  speculated  that  such  flaws 
act  to  further  lower  the  notch  sensitivity  of  the  material  by  dismpting  the  stress  field  near  the 
notch  tip. 

If  it  is  assumed  that  the  ultimate  tensile  strength  measured  was  low  and  that  the  actual 
strength  of  the  material  should  be  closer  to  that  estimated  for  the  test  material  using  Staehler’s34 
unidirectional  data  (144  MPa),  then  the  net- section  stress  would  more  closely  approximate  the 
behavior  measured  in  this  investigation.  See  Figure  5.17  for  the  applied  stress  versus  ao/W  data 
plotted  against  a  net- section  stress  prediction  using  an  UTS  of  144  MPa.  As  stated  earlier, 
accounting  for  the  inherent  scatter  in  the  tensile  data  results  in  all  of  the  data  falling  within  or  very 
near  the  net  section  values. 


99 


5.4  Fracture  Energy 


It  was  shown  that  the  notched  behavior  of  the  fibrous  monoliths  tested  in  this  study 
cannot  accurately  be  modeled  using  LEFM.  It  was  also  shown  that  the  net- section  stress 
prediction  of  the  behavior  was  influenced  by  the  limited  tensile  data  available.  Perhaps,  a  better 
description  of  the  toughness  and  notch  size  effect  of  the  fibrous  monoliths  compared  to  the  neat 
material  comes  from  the  fracture  energy.  The  fracture  energy  is  the  total  work  done  due  to 
testing.  The  total  work  of  fracture  per  unit  area  (WOFT)  includes  the  elastic  energy  contribution 
and  was  calculated  for  each  specimen  using  the  area  under  the  load- point  displacement  curve. 

It  was  shown  through  tensile  testing  that  a  high- resolution  measurement  of  this  displacement  was 
needed  for  an  accurate  calculation.  The  results  in  terms  of  total  work  of  fracture  for  the 
materials  are  shown  in  Figure  5.18  and  in  Table  5.1. 

Figure  5.18  shows  the  WOFT  versus  notch- to- width  ratio  for  the  three  test  materials. 
The  work  of  fracture  measurements  for  the  fibrous  monoliths  with  an  ao/W  of  zero  came  from 
specimens  with  the  dogbone  geometry.  From  Chapter  4,  the  values  from  the  dogbone 
specimens  were  the  only  data  taken  during  tension  testing  that  were  deemed  valid  for  this 
measurement.  Hie  plot  shows  that  the  fibrous  monolith  materials  require  a  much  higher  total 
work  of  fracture  to  failure  than  the  neat  material,  even  at  the  smallest  notch  lengths.  The  data 
for  the  fibrous  monolith  materials  show  a  definite  trend  with  ao/W  ratio  and  the  material  with 
larger  cells  shows  a  slightly  higher  WOFT  at  each  notch  length.  The  data  for  the  neat  material 
do  not  show  a  discernible  trend  with  notch  length. 
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Ideally,  one  could  model  the  effect  of  the  notch  size  on  the  behavior  of  these  fibrous 


monolith  materials  in  terms  of  the  failure  mechanisms  and  the  fracture  energy  trend.  A  greater 
understanding  of  the  complexities  surrounding  the  cell  architecture,  the  BN  structure,  and  the 
damage  progression  is  needed  for  this  loading  condition  and  specimen  geometry.  Such  analysis 
is  beyond  the  scope  of  this  research,  however,  further  experiments  presented  in  the  next  chapter 
were  aimed  at  a  greater  understanding  of  the  damage  progression  of  the  material  to  aid  in  future 
efforts. 

5.5  Summary 

The  mechanical  behavior  of  the  fibrous  monolith  materials  show  advantages  in  both 
strength  and  toughness  over  the  neat  material  in  the  presence  of  the  various  stress 
concentrations  tested.  In  general,  the  two  fibrous  monolith  materials  showed  nearly  the  same 
behavior  for  a  given  notch  length.  Slightly  higher  failure  loads,  displacements,  damage  zone 
sizes,  and  total  work  of  fractures  were  detected  in  the  material  with  the  larger  microstructural 
features. 

For  a  given  notch  length,  except  for  that  with  an  ao/W  of  0.3,  differences  were  seen  in 
the  displacements  for  the  fibrous  monolith  materials  when  measured  near  the  notch  opening 
versus  at  the  point  of  gripping.  When  comparing  the  behavior  and  fractures  for  the  various 
notch  lengths  and  materials,  it  was  found  that  the  fibrous  monolith  materials  exhibit  behavior 
which  is  altered  by  the  length  of  the  notch  while  the  neat  materials  exhibit  behavior  which  is 
altered  by  the  stress  concentration  at  the  notch.  The  neat  material  showed  identical  fracture 
morphologies  for  the  various  notch  lengths  and  the  behavior  could  be  modeled  by  LEFM 
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relationships.  LEFM  relationships  do  not  correctly  model  the  notch  size  effect  in  the  case  of  the 


fibrous  monolith  materials.  The  net- section  stress  is  a  more  accurate  prediction  of  the  behavior 
if  the  correct  tensile  strength  of  the  material  is  considered  to  be  higher. 

The  total  work  of  fractures  for  the  fibrous  monolith  materials  are  higher  compared  to  the 
neat  material.  The  WOFT  data  plotted  in  terms  of  a0/W  ratio  for  the  FM  materials  shows  a 
trend  which  could  be  described  by  damage  initiation  and  progression  mechanisms  with  further 
understanding  of  the  tensile  failure  behavior. 
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Peak  load  -  5  kN 
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Figure  5.1  Results  of  fracture  testing  a  FM  specimen  with  the  finer  microstructure  and  an  ao/W  of  0.3  at  room  temperature,  (a)  load  or 
microstrain  and  AE  count  versus  CMOD  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 

histogram. 
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Peak  load  -  8  kN 
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Figure  5.2  Results  of  fracture  testing  a  FM  specimen  with  the  coarser  microstructure  and  an  aoAV  of  0.3  at  room  temperature,  (a)  load  or 
microstrain  and  AE  count  versus  CMOD  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission 

histogram. 
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Figure  5.3  Results  of  fracture  testing  a  neat  specimen  with  an  a0AV  of  0.3  at  room  temperature,  (a)  load  or  microstrain  and  AE  count  versus 

CMOD  plot,  (b)  photograph,  (c)  acoustic  emission  histogram. 


105 


150 


125 


re 

a. 


100 


« 

V) 

0) 

</> 

T3 

0) 

Q. 

Q. 

< 


75 


50 


25 


"i  i — i  i  |  i  i — n — |  i  i  i  i — |  i  i  i  i  |  i — i  i  i  |  i — n — i  |  i  i  i — r 

T  = 1150°C 
Stroke  =  0.001  mm/s 

a  /W  =  0.3 

o 


Neat 

Si  3N4 


Si  „N  -BNFM 

3  4 


250|im 


//  \ 


/Jr 


Si  3N4-BNFM 


$ 


125[im 

J _ I  I  I  I  I _ l_l _ I  I  I  I  I _ I  I  I  I  I  I  I _ I  I  I  I  I _ l_l _ I  I  I  I  I _ L- 


0.00  0.01  0.02  0.03  0.04  0.05  0.06  0.07 

CMOD  (mm) 

(a) 


125  Mm  Si3N4-BN  FM 

(b) 


250  Mm  Si3N4-BN  FM 

(C) 


Neat  Si3N4 

(d) 


Figure  5.4  Results  of  fracture  testing  the  fibrous  monolith  and  neat  materials  with  aoAV  of  0.3  at  1 150°C.  (a)  applied  stress  versus  CMOD  plot, 
(b)  x-ray  radiograph  of  FM  with  fine  microstructure,  (c)  x-ray  radiograph  of  FM  with  coarse  microstructure,  (d)  photograph  of  neat  material 
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Figure  5.5  (a)  Fracture  behavior  of  S(N4-BN  FM  materials  with  an  a0/W  of  0.3  as  captured 
by  an  extensometer  near  the  crack  (notch)  mouth  opening. 


Load-Point  Displacement  (mm) 

Figure  5.5  (b)  Fracture  behavior  of  S(N4-BN  FM  materials  with  an  ao/W  of  0.3  as  captured 

by  an  extensometer  near  the  point  of  loading. 
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Figure  5.6  Fracture  surfaces  (a)  from  a  failed  neat  specimen  and  (b)  from  a  failed  fibrous 
monolith  specimen,  both  with  an  ao/W  ratio  of  0.3. 


(b) 


Figure  5.7  Photographs  (a)  and  (b)  are  from  the  respective  FM  materials  taken  from  the  edge 
view  opposite  the  notch  after  failure.  The  photographs  show  how  the  cracks  initiate  at  the  cell 
bundles  in  the  45°  plies  and  how  cracks  are  deflected  along  the  ceh  bundles. 
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Figure  5.8  (a)  Fracture  behavior  of  S(N4-BN  FM  materials  with  an  ao/W  of  0.1  as  captured 
by  an  extensometer  near  the  crack  (notch)  mouth  opening. 


Figure  5.8  (b)  Fracture  behavior  of  ShN4-BN  FM  materials  with  an  a0/W  of  0.1  as  captured 

by  an  extensometer  near  the  point  of  loading. 
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Figure  5.9  (a)  Fracture  behavior  of  Si4N4-BN  FM  materials  with  an  ao/W  of  0.2  as  captured 
by  an  extensometer  near  the  crack  (notch)  mouth  opening. 


Figure  5.9  (b)  Fracture  behavior  of  ShN4-BN  FM  materials  with  an  a0/W  of  0.2  as  captured 

by  an  extensometer  near  the  point  of  loading. 
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Figure  5.10  (a)  Fracture  behavior  of  Si4N4-BN  FM  materials  with  an  a(/W  of  0.5  as  captured 
by  an  extensometer  near  the  crack  (notch)  mouth  opening. 


Figure  5.10  (b)  Fracture  behavior  of  Si4N4-BN  FM  materials  with  an  a(/W  of  0.5  as  captured 

by  an  extensometer  near  the  point  of  loading. 
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Figure  5.11  Comparison  of  the  behavior  and  fracture  morphologies  for  specimens  of  the  125pm  ShN4-BN  fibrous  monolith  material  with 
various  notch  lengths;  (a)  normalized  load  versus  normalized  CMOD  plot,  (b)  through  (e)  x-ray  radiographs  of  failed  specimens  with  ao/W’s  = 

0.1,  0.2,  0.3,  and  0.5. 
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Figure  5.12  Comparison  of  the  behavior  and  fracture  morphologies  for  specimens  of  the  250pm  ShN4-BN  fibrous  monolith  material  with 
various  notch  lengths;  (a)  normalized  load  versus  normalized  CMOD  plot,  (b)  through  (e)  x-ray  radiographs  of  failed  specimens  with  a(/W’s  = 

0.1,  0.2,  0.3,  and  0.5. 
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Figure  5.13  Comparison  of  the  behavior  and  fracture  morphologies  for  specimens  of  the  neat  SfN4  material  with  various  notch  lengths;  (a) 
normalized  load  versus  normalized  CMOD  plot,  (b)  through  (d)  x-ray  radiographs  of  failed  specimens  with  ao/W’s  =  0.1,  0.3,  and  0.5. 
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Figure  5.14  Effect  of  notch  size  for  the  neat  Si4N4  material. 


Figure  5.15  Effect  of  notch  size  for  the  ShN4-BN  materials. 
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(a)  (b)  (c) 

Figure  5.16  Fracture  surfaces:  (a)  neat  SfeN4,  (b)  [- 45/0/+45 ] s  fibrous  monolith,  and  (c)  quasi- isotropic  fibrous  monolith. 
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Figure  5.17  Stress  versus  notch  to  width  ratio  showing  the  net- section  stress  predicted  if  the 

UTS  =  144  MPa. 
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Figure  5.18  Total  fracture  energy  per  unit  area  as  a  function  of  notch  size  for  the  two  fibrous 

monoliths  and  the  neat  materials. 
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CHAPTER  6 


SINGLE  LOAD-UNLOAD  AND  CYCLIC  TESTING  OF  NOTCHED  SPECIMENS 


The  results  from  single  load- unload  and  cyclic  testing  of  fibrous  monoliths  are  presented 
and  discussed  in  this  section.  Specimens  from  each  microstructure  were  tested  to  various  load 
levels  and  unloaded  for  evaluation  using  x-ray  radiography,  thermal  imaging,  and  ultrasound. 
The  first  two  sections  present  the  mechanical  test  data,  including  the  acoustic  emission  data,  as 
well  as  the  results  from  the  NDE  obtained  from  single  load- unload  tests  and  from  cyclic  loading 
tests.  The  last  section  discusses  the  results  in  terms  of  total  work  of  fracture  and  absorbed 
energy  of  fracture  or  the  work  of  fracture.  The  results  from  the  load- unload  testing,  combined 
with  the  data  for  the  notched  fast- fracture  tests,  are  given  in  Table  6.1. 
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Test  I  Notch  Size  I  Microstructure 
Temp  a„/W  I 
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6.1  Single  Load- Unload  Testing 


Single  load- unload  tests  were  performed  on  the  two  fibrous  monolith  materials  using 
notched  specimens  with  an  a0/W  ratio  of  0.3.  Three  specimens  from  each  microstructure  were 
loaded  to  different  stress  levels,  unloaded,  removed  from  the  test  frame,  and  inspected  using 
various  NDE  techniques.  The  first  specimen  from  each  microstructure  was  loaded  until  the  first 
AE  event  was  detected.  The  second  and  third  specimens  from  each  EM  material  were  loaded 
to  two  progressively  higher  levels  above  the  first  AE  event  but  below  the  failure  stresses.  Upon 
completion  of  the  NDE,  the  specimens  unloaded  at  the  onset  of  AE  were  reloaded  to  85-95% 
of  each  material’s  suspected  failure  stress  and  unloaded.  They  were  then  re-evaluated  a  second 
time  via  NDE. 

Target  loads  for  single  load- unload  testing  were  chosen  based  on  events  in  the  load 
versus  crack  mouth  opening  displacement  traces,  the  microstrain  data,  and  the  acoustic  emission 
data  observed  during  fast- fracture  testing.  An  illustration  of  this  strategy  is  given  in  Figure  6.1. 
Shown  in  the  figure  are  the  fracture  data  obtained  from  specimen  97-B47.  Lines  have  been 
added  to  indicate  the  target  test  loads. 

The  average  failure  loads  from  fast- fracture  tests  on  the  fine  and  coarse  microstmctures 
were  5  kN  and  8  kN,  respectively.  The  first  AE  events,  and  conceivably  the  onset  of  damage, 
corresponded  to  about  2  kN  for  both  fibrous  monolith  materials.  This  was  about  40%  of  the 
failure  load  in  the  fine  microstructure  and  about  25%  in  the  coarse  microstructure.  The  target 
loads  for  the  two  intermediate- load  level  specimens  of  the  finer  microstructure  were  60%  and 
80%  of  the  failure  load,  or  3  and  4  kN,  respectively.  The  corresponding  stress  levels  were  54 
MPa  and  72  MPa.  For  the  coarse  microstructure,  the  target  load  levels  were  50  and  75%  of 
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the  ultimate,  or  4  and  6  kN.  The  corresponding  stresses  in  this  case  were  about  48  and  73 


MPa,  similar  to  those  used  for  the  fine  structure.  Table  6.2  gives  a  summary  of  the  actual  loads 
(and  stresses)  achieved  in  each  test. 


Microstructure 

Specimen 

ID# 

Max  Test 
Load  (kN) 

Max  Stress 
(MPa) 

Percent  of  Max 
Failure  Load 

97-B49a 

1.68 

30 

34 

125 

97-B53 

3.29 

59 

66 

97-B42 

3.85 

69 

77 

97-B49b 

4.32 

78 

86 

97-B67a 

1.12 

13 

14 

97-B67b 

2.00 

24 

25 

250 

97-B73 

4.01 

49 

50 

97-B81 

6.15 

75 

77 

97-B67C 

7.54 

91 

94 

Table  6.2  Lists  the  actual  test  loads  in  single  load- unload  testing. 


The  results  from  testing  to  a  peak  load  of  2  kN  on  the  fine  celled  material  (97-B49)  and 
the  coarse  celled  material  (97-B67)  are  shown  in  Figures  6.2  (a)  through  (e)  and  in  6.3  (a) 
through  (e),  respectively.  Figures  6.2  (a)  and  6.3  (a)  show  the  load- displacement  traces 
obtained  by  both  the  CMOD  and  LPD  extensometers  as  well  as  the  number  of  AE  events 
collected.  The  NDE  results,  including  an  x-ray  radiograph,  a  thermal  diffusivity  image,  an 
ultrasonic  c-scan,  and  a  AE  data  location  histogram  are  given  in  (b)  through  (e).  The  load- 
displacement  traces  for  the  respective  materials  are  shown  to  be  linear  with  no  discemable 
hysteresis,  and  although  a  few  AE  hits  were  detected,  the  NDE  techniques  provided  no 
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evidence  of  damage.  The  x-ray  radiographs  and  the  IR  images  are  identical  to  the  pre-test 
images.  No  pre-test  c-scan  was  obtained  for  comparison  in  either  case. 

The  data  obtained  for  the  specimen  with  the  coarser  microstructure,  97-B67,  requires 
some  explanation.  This  specimen  was  unloaded  around  1  kN  after  an  AE  event  was  detected. 
This  was  believed  to  be  within  the  elastic  response  region  of  the  material  and  the  decision  was 
made  to  reload  the  specimen  to  the  original  target  load  of  2  kN.  Based  on  the  similarity  of  the 
reloading  curve,  the  1  kN  load  excursion  appears  to  have  had  no  effect  upon  the  subsequent 
reloading.  During  the  second  load  excursion,  the  data  acquisition  system  failed  and  thus  the 
dashed  line  indicates  the  assumed  behavior  to  the  peak  test  load.  Both  traces  are  linear  with  no 
hysteresis,  suggesting  that  there  was  no  damage  to  the  specimen.  The  c-scan,  on  the  other 
hand,  shows  a  large  region  with  signal  attenuation.  This,  however,  seemed  inconsistent  with  the 
low  loads  and  linear  load- displacement  traces,  suggesting  a  possible  problem  with  the  scan 
itself. 

Results  for  specimens  97-B53  and  97-B73,  which  were  mn  to  3.29  kN  and 
4.01  kN  respectively,  are  beginning  to  show  hysteresis  and  permanent  offset.  However,  while  a 
significant  number  of  acoustic  emission  events  were  detected,  there  was  no  indication  of  damage 
on  the  radiographs  or  the  IR  image.  The  c-scan  probably  does  not  show  any  change  as  well, 
however,  the  interpretation  is  not  definitive  without  a  pre-test  scan.  See  Figures  6.4  and  6.5  for 
the  results  from  specimens  97-B53  and  97-B73,  respectively. 

Specimens  97-B42  and  97-B81  which,  were  tested  to  higher  loads  yet,  show  even 
more  hysteresis  in  the  load- displacement  traces  and  permanent  offset  in  the  displacement.  The 
data  for  these  specimens  are  shown  in  Figures  6.6  and  6.7,  respectively.  In  both  materials,  a 
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significantly  larger  number  of  acoustic  emission  hits  were  also  detected.  The  radiographs  and 


thermal  images  look  identical  to  the  pre-test  scans.  The  c- scans  on  the  other  hand,  hint  that 
there  is  evidence  of  damage. 

The  c-scan  for  specimen  97-B42  may  show  a  small  growth  of  the  attenuated  area  in  the 
vicinity  of  the  notch.  There  is  also  a  strip  of  attenuated  area  on  the  scan  that  corresponds  to  the 
specimen  edge.  The  signal  attenuation  in  this  case  is  attributed  to  plate  edge  defects  in  the 
material.  This  specimen  came  from  a  plate  edge  and  the  notch  was  machined  on  that  outer  plate 
edge  as  explained  in  Chapter  3.  The  c-scan  for  specimen  97-B81  also  may  show  a  small 
growth  of  the  attenuated  area  right  behind  the  notch.  The  AE  location  data  seems  to  verify  that 
there  may  be  some  form  of  damage  right  behind  the  notch. 

Specimens  97-B49  and  97-B67,  which  had  already  been  tested  to  2  kN  and  unloaded, 
were  re-tested  close  to  the  measured  failure  loads.  The  specimen  with  the  smaller  cells  is 
labeled  "97-B49b"  as  this  test  was  the  second  load-unload  cycle  and  specimen  97-B67  is 
labeled  as  "97-B67c"  as  this  test  was  actually  the  third  load  excursion  for  this  specimen.  The 
respective  test  loads  for  the  two  specimens  were 

4.32  kN  and  7.54  kN.  See  Figures  6.8  and  6.9  for  the  load- displacement  traces  and  the 
corresponding  NDE  images. 

The  data  in  each  case  showed  hysteresis  and  a  large  number  of  AE  hits.  A  fewer 
number  of  AE  hits  and  a  smaller  displacement  were  captured  for  97-B49b  than  for  specimen 
97-B42  which  was  tested  to  a  lower  load.  This  may  be  attributed  to  specimen- to- specimen 
variability  or  possibly  due  to  the  previous  loading  cycle  in  specimen  97-B49b.  The  specimen 
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with  the  larger  cells,  97-B67c,  showed  a  large  permanent  offset  and  a  large  number  of  AE  hits 


over  any  of  the  previous  tested  specimens  from  that  material. 

In  the  case  of  specimen  97-B49b,  the  c-scan  and  AE  event  history  show  evidence  of 
damage.  The  c-scan  shows  an  attenuated  area  behind  the  notch  off  to  the  left  side.  The 
acoustic  emission  location  plot  also  shows  a  larger  number  of  events  on  the  left  side  of  the 
notch.  For  specimen  97-B67c,  the  thermal  image,  c-scan,  and  AE  all  show  evidence  of 
damage  in  the  vicinity  of  the  notch.  Both  specimens  were  c- scanned  following  the  first  load- 
unload  cycles  so  there  are  pre-test  scans  which  can  be  compared.  However,  as  explained 
earlier,  the  c-scan  done  on  specimen  97-B67  after  the  first  load- unload  cycles  may  not  have 
been  done  according  to  the  calibration  procedures.  It  is  still  believed,  however,  that  a  change  in 
shape  of  the  attenuated  area  behind  the  notch  is  evidence  of  a  change  in  the  structure  and  not 
from  differences  in  scanning  procedures. 

6.2  Cyclic  Testing 

In  addition  to  the  single  load- unload  tests,  a  cyclic  test  was  mn  on  a  single  notched 
specimen  from  each  microstructure.  For  the  cyclic  tests,  the  specimens  were  loaded  and 
unloaded  near  the  same  stress  levels  as  the  previous  single  load- unload  tests,  but  without  being 
removed  from  the  test  machine.  This  test  was  to  provide  information  about  the  energy  being 
absorbed  and  compliance  at  the  various  load  levels  using  a  single  specimen  instead  of  using 
different  specimens.  The  specimens  that  were  cyclically  loaded  were  also  inspected  using  the 
various  NDE  techniques,  but  only  after  the  final  load  cycle. 
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Specimen  97-B59  was  loaded  and  unloaded  several  times  up  to  a  maximum  load  of 


around  4  kN.  The  load- displacement  data  are  shown  in  Figure  6.10  (a)  and  6.10  (b).  This  test 
was  prematurely  stopped  due  to  a  load  limit  being  reached,  and  then  restarted.  The  data 
obtained  after  the  test  was  restarted  are  shown  in  Figure  6.10  (b).  The  load- displacement 
traces  from  this  specimen  before  the  restart  show  increasing  permanent  offset  as  the  load 
increases.  Upon  re-start,  it  was  attempted  to  repeat  the  last  two  cycles  but  a  large  change  in 
the  CMOD,  presumably  due  to  damage,  prompted  the  unload.  The  specimen  was 
subsequently  reloaded  to  a  small  load,  which  showed  that  the  specimen  still  had  load- carrying 
capability. 

For  this  specimen,  there  is  no  detectable  damage  seen  in  the  x-ray  radiograph  but  there 
is  a  damage  zone  behind  the  notch  as  detected  using  the  thermal  and  ultrasonic  techniques.  The 
specimen  itself  showed  no  damage  detectable  by  eye,  therefore,  it  is  presumed  that  the  damage 
shown  includes  cracks  emanating  445°  from  the  notch  which  outline  an  area  of  interply 
delamination.  Delamination  type  cracks  are  not  readily  detected  using  x-rays  unless  there  is  an 
appropriate  aspect  ratio  to  the  defects  allowing  for  more  x-rays  to  penetrate  the  specimen  and 
expose  the  film. 

The  specimen  with  the  larger  cells,  97-B69,  was  loaded  and  unloaded  up  to  a  maximum 
of  7.5  kN.  The  load- displacement  data  again  show  that  permanent  damage  is  being  induced 
through  the  formation  of  hysteresis  loops  with  increased  load.  None  of  the  NDE  techniques 
applied  in  this  case  show  any  conclusive  evidence  of  damage.  See  Figures  6.1 1  (a)  through 
6.1 1  (d)  for  the  data  from  this  specimen. 
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6.3  Fracture  Energy 


The  total  energy  and  the  absorbed  energy  were  calculated  for  each  single  load- unload 
and  cyclic  test  using  the  load  versus  displacement  data  obtained  from  the  load- point 
displacement  extensometer.  The  total  energy,  or  total  work  of  fracture  (WOFT),  was  calculated 
using  only  the  loading  portion  of  the  traces  for  both  the  single  load- unload  and  cyclic  loading 
tests  and  the  cross-sectional  areas  of  the  specimen  in  each  case.  The  absorbed  energy,  or 
work  of  fracture  (WOF),  was  measured  using  the  nominal  area  of  the  loops  formed  by  each 
load-unload  cycle.  These  values  are  per  unit  area.  Refer  to  Table  3.2  for  the  definitions  and 
physical  meanings  for  total  work  of  fracture  versus  work  of  fracture. 

WOFt  for  each  material  are  plotted  in  Figure  6.12  against  normalized  load.  The 
normalized  load  is  the  test  load  divided  by  the  failure  load  measured  during  fracture  testing. 
Included  on  this  plot  is  the  total  work  of  fracture  measured  for  the  fast- fracture  test  specimens 
with  an  ao/W  of  0.3,  including  the  neat  material  specimen.  As  was  shown  in  the  WOFT  versus 
a0AV  plot  in  Figure  5.18,  the  material  with  the  coarser  microstructure  has  a  higher  total  fracture 
energy  than  the  material  with  the  smaller  microstructural  features.  Prior  to  the  failure  point, 
however,  the  data  from  the  two  fibrous  monolith  materials  are  grouped  tightly  together  and  are 
nearly  identical,  with  no  abrupt  changes  in  the  data.  For  this  crack  length  the  fibrous  monolith 
materials  demonstrate  a  substantially  greater  energy  absorbing  ability  over  the  monolithic 
material. 

Hie  WOF  is  plotted  against  normalized  load  for  the  fibrous  monolith  specimens  only  in 
Figure  6.13.  Work  of  fracture  was  also  calculated  for  the  fibrous  monolith  specimens  tested  to 
failure  and  are  included  in  the  plot.  The  work  of  fracture  for  the  fractured  specimens  was 


126 


calculated  using  an  estimated  compliance  at  fracture  that  was  extrapolated  from  the  load- unload 


and  cyclic  test  data. 

To  estimate  the  compliance  at  failure  for  each  material,  an  average  compliance  was 
found  over  the  entire  unloading  curve  for  each  load- unload  excursion.  The  average  compliance 
was  plotted  against  normalized  load.  A  curve  was  fit  to  the  data  and  a  compliance  value 
corresponding  to  the  failure  load  was  extrapolated.  Plots  showing  the  compliance  predictions 
for  the  respective  fibrous  monolith  materials  are  provided  in  Figures  6.14  (a)  and  6.14  (b).  A 
threshold  value  is  shown  on  each  plot  that  corresponds  to  the  lowest  compliance  value 
measured  for  each  material  during  the  modulus  determination  portion  of  each  test.  The  modulus 
determination  procedure  was  described  in  Chapter  3.  The  average  compliance  at  failure  was 
found  to  be  7.32  x  10"9  m/N  for  the  fine  microstructure  and  4.7  x  10"9for  the  coarse 
microstmcture. 

The  compliance  estimates  were  then  used  to  calculate  the  plastic  contribution  of  the 
failure  energy  by  subtracting  the  elastic  portion  (the  area  under  the  curve  generated  by  the 
compliance)  from  the  total  area  under  the  fast- fracture  loading  curves.  An  example  of  the 
compliance  curves  generated  for  the  fractured  specimens  are  shown  for  the  fibrous  monolith 
materials  in  Figures  6.15  (a)  and  6.15  (b).  The  initial  loading  portion  of  the  data  for  specimen 
97-B47  were  not  recorded  due  to  problems  with  the  LPD  extensometer  and  have  been 
extrapolated.  The  corresponding  portion  of  the  compliance  curve  for  97-B47  is  shown  by  a 
dashed  line.  The  compliance  curves  for  both  specimens  are  shown  to  follow  the  slope  of  the 
initial  loading  curves  well  and  are  thus  thought  to  be  reasonable  estimates. 
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The  plot  of  work  of  fracture  versus  normalized  load  in  Figure  6.13  shows  that  the 


majority  of  the  energy  absorbed  is  a  result  of  mechanisms  that  occur  near  material  failure. 
Around  75%  of  the  total  energy  absorbed  occurs  after  testing  to  a  load  which  is  90%  of  the 
failure  load  or  greater.  Both  materials  show  a  similar  magnitude  of  absorbed  energy  until  failure, 
where  the  material  with  the  larger  cell  bundles  shows  a  higher  work  of  fracture.  Nominally  the 
values  of  work  of  fracture  for  the  two  fibrous  monolith  materials  were  approximately  648  J/m2 
and  885  J/m2,  respectively. 

6.4  Discussion 

6.4.1  Discrepancies  in  NDE  results 

The  load- displacement  (with  AE)  data  presented  in  sections  6.1  and  6.2  show  that 
permanent  damage  is  being  induced  progressively  with  increasing  load  through  measurable 
permanent  offset  in  displacement  for  both  fibrous  monolith  materials.  This  is  shown  qualitatively 
by  the  load- unload  traces  in  Figures  6.16  and  6.17  for  the  fibrous  monolith  material  with  the 
finer  microstructure  and  coarser  microstructure,  respectively.  However,  none  of  the  imaging 
NDE  techniques,  except  possibly  the  ultrasonics,  identifies  any  damage  at  those  loads. 

The  corresponding  ultrasonic  c- scans  around  the  notched  area  are  shown  along  with  the 
single  load- unload  curves  for  both  materials  in  Figures  6.16  and  6.17.  From  Figure  6.16,  it  is 
apparent  that  the  ultrasonic  technique  has  identified  a  damage  zone  behind  the  notch  in  97-B49b 
compared  to  97-B49a.  The  same  may  be  said  for  specimen  97-B67c  in  Figure  6.18,  however, 
the  scans  are  not  directly  comparable  as  explained  earlier. 
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The  other  imaging  NDE  techniques  did  not  show  the  same  results  due  to  the  nature  of 


the  damage  experienced  by  these  materials.  The  physical  size  and  morphology  of  the  damage 
may  be  finer  than  that  which  is  resolvable  by  the  methods  used  in  this  study.  Thermography  did 
show  evidence  of  damage  compared  to  the  as- received  image  on  specimen  97-B59  as  shown 
in  Figure  6.10  (c)  and  possibly  for  97-B67c  in  Figure  6.9  (c).  The  radiography  technique  did 
not  detect  the  damage  in  either  case.  It  is  suggested  that  this  was  because  the  damage  was 
interlaminar.  Although  the  radiography  did  show  the  ability  to  discern  interply  cracking  in  the 
case  of  the  fast- fracture  tests  given  in  Chapter  5,  the  technique  is  not  very  well  suited  for  that 
type  of  damage  detection  unless  there  is  a  large  enough  aspect  ratio  to  the  anomolies. 

6.4.2  Behavior  in  Terms  of  Energy 

The  trends  in  total  and  absorbed  energy  per  unit  area  show  that  the  two  fibrous 
monolith  materials  behave  similarly  except  near  the  failure  loads,  where  the  material  with  the 
larger  cell  bundles  demonstrated  a  higher  work  of  fracture.  The  differences  in  work  of  fracture 
between  the  two  materials  are  thought  to  be  due  to  the  effect  of  the  cell  bundle  size  on  the 
fracture  mechanisms.  Estimates  of  the  work  of  fracture  for  both  materials  using  concepts  of 
Kovar  and  Thouless  18' 19-25-49  predict  a  similar  difference  in  work  of  fracture  between  the 
materials  as  was  measured  in  this  study. 

Kovar  and  Thouless  18' 19-25-49  studied  the  work  of  fracture  of  fibrous  monolith  in 
bending.  They  described  work  of  fracture  in  terms  of  two  mechanisms:  delamination  (or 
interfacial  cracking)  and  frictional  sliding  due  to  crack  kinking.  The  equations  and  variables 
used  by  Kovar  and  Thouless  to  describe  the  crack  area  creation  and  the  frictional  sliding 
mechanisms  were  described  in  section  2.3. 1.4  of  this  text  and  are  shown  below. 
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(1)  WC  =  WL  +  W1 


=  rAl  +  rA 

and 

(2)  Ws  =  n§\lXs 

where 

WT=  Wc  +  Ws 

Using  this  analysis,  they  were  able  to  predict  a  nominal  work  of  fracture  in  bending  accurately 
compared  to  that  measured  by  King17.  Nominal  predictions  for  work  of  fracture  using  the 
above  analysis  in  this  study  are  not  accurate  due  to  the  test  conditions  and  material 
architectures.  However,  the  above  equations  are  used  for  a  relative  comparison  between  the 
two  different  microstructures. 

Several  assumptions  are  made  to  complete  the  analysis.  First  it  is  assumed  that  there  is 
no  contribution  to  absorbed  energy  by  the  45°  plies.  Since  the  dominate  microstructural  feature 
was  shown  to  be  the  cell  bundles  and  not  the  individual  cells,  the  equivalent  area  of  cell  bundles 
in  the  axial  direction  are  used  in  place  of  the  cell  area  in  equation  1  above.  The  calculation  of 
the  uniaxial  cell  bundle  area  excludes  the  area  of  the  BN  phase  between  the  individual  cells.  A 
second  assumption  is  that  values  measured  by  Kovar  and  Thouless18, 19,25,49  for  interfacial 
fracture  energies,  cell  slip  distance,  and  frictional  sliding  resistance  are  applicable.  It  is  also 
assumed  that  all  of  the  cell  bundles  and  all  of  the  cell  bundle  boundaries  fracture.  See  Appendix 
G  for  the  calculations. 

A  comparison  of  the  WT  ‘s  calculated  for  each  microstructure  show  that  the  material 
with  the  larger  cell  bundles  should  dissipate  about  31%  more  energy  upon  fracture  than  the 
material  with  the  smaller  bundles.  A  comparison  of  the  WOF  values  from  Figure  6.13  for  the 
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respective  materials  shows  that  the  material  with  the  larger  cell  bundles  absorbs  about  27% 
more  energy.  Since  the  percent  difference  in  energy  predicted  and  measured  are  nearly 
identical,  it  is  concluded  that  the  dominate  fracture  mechanisms  are  the  same  in  tension  and  as  in 
bending  and  that  there  is  probably  no  contribution  to  the  absorbed  energy  by  the  45°  plies. 

Before  reaching  fracture,  absorbed  energies  are  identical  for  the  two  materials. 
Therefore,  it  is  assumed  that  the  dominant  mechanisms  for  energy  absorption  are  not  effected  by 
the  cell  size.  Trice27  has  considered  other  deformation  models  based  on  the  crack  progression 
of  pre-existing  microcracks  in  the  BN  and  the  peeling  or  cleaving  of  the  boron  nitride.  His 
description  of  sub -microscopic  damage  may  be  consistent  with  the  results  of  this  study  where 
damage  was  evident  by  the  load- displacement  traces  and  AE  events  but  was  too  small  to  be 
detected  using  conventional  NDE  imaging  techniques.  It  may  be  shown  with  further  studies  that 
energy  absorption  models  should  include  contribution  of  microcracking  on  the  sub -microscopic 
level  as  well. 

6.5  Summary 

Fibrous  monolith  specimens  from  both  the  coarse  and  fine  microstructures  were  tested 
to  various  load  levels  and  unloaded  for  evaluation  using  non- destructive  techniques  and 
absorbed  energy  calculations.  It  was  found  that  for  the  higher  loads,  permanent  damage  was 
being  accumulated  as  evidenced  by  hysteresis  and  permanent  offset  in  strain.  However,  the 
damage  is  thought  to  be  associated  with  interfacial  delamination  that  is  too  small  to  be 
detectable  with  the  NDE  techniques  used.  The  WOF  associated  with  absorbed  energy  shows 
that  the  two  materials  behave  similarly  until  fracture,  where  the  dominant  energy  absorbing 
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mechanisms  are  associated  with  large  delamination  crack  area  creation  and  frictional  sliding. 


Energy  absorption  based  on  these  mechanisms  shows  an  effect  of  the  cell  bundle  size  when 
identical  volume  fractions  of  cell  bundles  are  tested. 
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C  M  O  D  (mm) 


Figure  6.1  Curve  obtained  from  fast- fracture  testing  which  shows  the  unloading 
strategy  to  be  used  to  run  single  load- unload  and  cyclic  tests. 
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Figure  6.2  Results  of  load-unload  testing  a  FM  specimen  with  the  finer  microstructure  and  an  aoAV  of  0.3  at  room  temperature,  (a)  load  versus 
displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.3  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstructure  and  an  a,,/W  of  0.3  at  room  temperature,  (a)  load 
versus  displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.4  Results  of  load- unload  testing  a  FM  specimen  with  the  finer  microstructure  and  an  a<)/W  of  0.3  at  room  temperature,  (a)  load  versus 
displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.5  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstructure  and  an  ao/W  of  0.3  at  room  temperature,  (a)  load 
versus  displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.6  Results  of  load- unload  testing  a  FM  specimen  with  the  finer  microstructure  and  an  aoAV  of  0.3  at  room  temperature,  (a)  load  versus 
displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.7  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstructure  and  an  ao/W  of  0.3  at  room  temperature,  (a)  load 
versus  displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.8  Results  of  load- unload  testing  a  FM  specimen  with  the  finer  microstructure  and  an  aoAV  of  0.3  at  room  temperature,  (a)  load  versus 
displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.9  Results  of  load- unload  testing  a  FM  specimen  with  the  coarser  microstructure  and  an  aoAV  of  0.3  at  room  temperature,  (a)  load 
versus  displacement  plot,  (b)  x-ray  radiograph,  (c)  thermal  diffusivity  image,  (d)  ultrasonic  c-scan,  (e)  acoustic  emission  histogram. 
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Figure  6.10  (a)  &  (b)  show  the  load- displacement  data  for  the  initial  test  and  the  restart  data,  respectively.  The  x-ray,  thermal  image  and  c-scan 

are  shown  in  (c),  (d),  and  (e).  The  thermal  image  and  the  c-scan  show  evidence  of  damage. 
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Figure  6.1 1  (a)  shows  the  mechanical  behavior  for  the  initial  test  and  the  restart  data.  The  x-ray,  thermal  image  and  the  c-scan  are  shown  in 

(b),  (c),  and  (d). 
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Figure  6.12  Plot  showing  the  total  energy  calculated  from  the  area  under  the  curve  (loading 

portion)  up  to  the  failure  load. 


Peak  Load  /  Max  Failure  Load 


Figure  6.13  Plot  showing  the  energy  absorbed  at  various  loads  up  to  the  fracture  load  which  is 

the  work  of  fracture. 
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Figure  6.14  (a)  Plot  showing  the  curve  fit  of  the  experimental  compliance  data  used  to  predict 
the  compliance  at  failure  for  the  material  with  the  smaller  microstructural  features. 
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Figure  6.14  (b)  Plot  showing  the  curve  fit  of  the  experimental  compliance  data  used  to  predict 
the  compliance  at  failure  for  the  material  with  the  smaller  microstructural  features. 
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Load-Point  Displacment  (mm) 


Figure  6.15  (a)  Plot  illustrating  how  the  estimated  failure  compliance  was  used  to  discount  the 
elastic  energy  at  failure  for  the  material  with  the  smaller  cell  bundles. 


Load-Point  Displacement  (mm) 


Figure  6.15  (b)  Plot  illustrating  how  the  estimated  failure  compliance  was  used  to  discount  the 
elastic  energy  at  failure  for  the  material  with  the  larger  cell  bundles. 


146 


Low 


nominal  cell  size  =  125  |im 

Figure  6.16  Qualitative  representation  of  the  results  from  the  mechanical  testing  and  the  ultrasonic  c- scanning  for  the  specimens  loaded  to  35%, 
65%,  77%  and  86%  of  the  estimated  failure  load  for  the  material  with  the  smaller  microstructural  features. 
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nominal  cell  size  =  250  |jm 

Figure  6.17  Qualitative  representation  of  the  results  from  mechanical  testing  and  ultrasonic  c-scanning  for  specimens  loaded  25%,  50%,  77% 

and  94%  of  the  estimated  failure  load  for  the  material  with  the  larger  cell  bundles. 
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CHAPTER  7 


MICROSCOPIC  INSPECTION 


Selected  fibrous  monolith  MSE(T)  specimens  were  sectioned  and  polished  for 
microscopic  inspection  following  mechanical  testing.  The  type  and  extent  of  damage  developed 
from  testing  to  the  various  load  levels  were  documented  using  optical  microscopy. 

7.1  Procedure 

The  specimens  inspected  were  those  with  an  ao/W  of  0.3  that  were  tested  under  the 
load- unload  regime  and  those  that  were  fracture  tested  from  each  microstructure.  The  surfaces 
and  edges  of  ah  specimens  were  first  inspected  under  low  magnification  (<32x)  before  they 
were  sectioned.  None  of  the  specimens  tested  under  the  load- unload  regime  showed  any 
surface  damage  detectable  at  low  magnification.  Damage  was  visible  on  the  surfaces  of  the 
fractured  specimens.  Cracks  could  be  seen  in  the  45°  surface  phes  as  shown  in  Figure  7.1. 
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Next,  the  specimens  were  sectioned  and  polished.  Each  specimen  was  sandwiched 


between  two  pieces  of  glass  to  protect  the  surfaces  from  burring  and  shear  bps  while  sectioning. 
Several  24  mm  x  5  mm  sections  were  cut  from  the  middle  of  each  specimen,  centered  on  the 
notch  plane,  such  that  the  inspection  surfaces  were  perpendicular  to  the  notch  plane  (parallel  to 
the  tensile  direction).  See  Figure  7.2  for  a  schematic  drawing  which  illustrates  how  the  tested 
MSE(T)  specimens  were  sectioned  for  inspection.  The  inspection  sections  were  labeled  as  #1, 
#2,  and  #3,  with  #1  being  the  section  right  behind  the  notch  tip  as  shown  on  the  figure. 

The  cut  sections  were  mounted  in  a  colored  epoxy  using  vacuum  infiltration.  The 
mounted  samples  were  polished  using  an  automatic  polisher  on  perforated  textmet  and  diamond 
suspension.  The  coarsest  diamond  used  was  15pm  and  the  smallest  was  1pm.  The  samples 
were  examined  using  a  high  powered  optical  microscope. 

7.2  Inspection  Observations 

7.2.1.  Single  load- Unload  Specimens 

All  specimens  from  both  microstructures  were  examined  except  for  the  specimens 
tested  to  the  lowest  loads.  These  specimens  were  re-tested  to  loads  near  the  expected  failure 
loads  and  were  not  sectioned  until  after  the  last  load- unload  cycle.  The  #1  inspection  sections 
showed  a  through-  thickness  type  crack  behind  the  notch  of  each  specimen  examined.  An 
example  of  the  cracks  seen  in  the  vicinity  of  the  notch  tip  are  shown  in  Figure  7.3  (a).  The 
micrograph  shown  in  Figure  7.3  (a)  shows  evidence  of  the  notch  being  polished  away  with  the 
crack  to  the  left  of  the  notch’s  wake.  For  comparison,  an  as-received  specimen  was  notched, 
sectioned,  and  polished  in  a  similar  manner.  The  micrograph  for  the  as- received  specimens  is 
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shown  in  Figure  7.3  (b).  It  was  found  that  no  such  cracks  existed  in  the  as-received  material 


and  therefore  it  was  determined  that  the  damage  seen  in  Figure  7.3  (a)  was  due  to  testing  and 
not  from  the  notching  procedure. 

Cracks  were  also  found  in  BN  cell  boundaries  in  the  vicinity  of  the  notch  in  both 
microstructures.  The  two  specimens  showing  evidence  of  this  were  both  tested  to  the  highest 
loads  before  unloading.  An  example  of  the  cracks  found  in  the  BN  is  shown  in  Figures  7.4  (a), 
(b),  and  (c)  at  three  different  magnifications.  The  figure  is  of  inspection  section  97-B49b-#l 
after  being  lightly  polished.  At  the  highest  magnification,  one  can  see  that  the  crack  has  a 
torturous  path,  but  it  stays  within  the  cell  boundary.  This  type  of  crack  morphology  is  consistent 
with  observations  reported  by  studies  at  the  University  of  Michigan  "  ’  . 

Specimen  97-B49b-#l  was  polished  further  to  determine  if  there  were  other  cracks 
behind  the  notch  similar  to  those  in  Figure  7.3  (a).  The  same  type  of  through- thickness  crack 
was  found  adjacent  to  the  notch.  See  Figure  7.5  for  a  micrograph  of  the  damage  observed 
upon  further  polishing.  The  crack  location  seems  to  be  consistent  with  the  ultrasonic  c-scan  of 
97-B49b  that  shows  an  attenuated  area  off  to  one  side  of  the  notch. 

The  #1  inspection  section  from  the  specimen  with  the  coarser  microstructure,  97-B67c, 
also  showed  evidence  of  both  through- the-thickness  types  cracks  and  cracks  in  the  BN 
interphase  material.  This  section  is  shown  in  Figure  7.6.  The  damage  found  is  also  thought  to 
be  evident  on  the  corresponding  ultrasonic  c-scan  and  possibly  in  the  thermal  diffusivity  image. 

In  the  inspection  sections  located  further  away  from  the  notch,  #2- #4,  no  cracks  were 
identified  except  in  specimen  97-B67c.  Again,  specimen  97-B67c  had  the  coarser 
microstructure  and  was  tested  to  the  highest  load  level.  A  limited  number  of  hairline  cracks  in 
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the  BN  cell  boundaries  between  the  0°  plies  and  both  the  adjacent  45°  plies  were  indentured. 


See  Figure  7.7  for  an  example  of  how  fine  the  cracks  appear.  The  cracks  identified  were  about 
the  length  of  a  cell  bundle  (2mm)  and  had  a  stand-off  of  about  1  pm  in  magnitude.  One  of  the 
cracks  identified  within  inspection  section  #2  is  shown  in  Figures  7.8  (a),  (b),  and  (c)  at  three 
different  magnifications.  The  crack  shown  is  in-between  two  of  the  45°  oriented  cell  bundles  on 
the  specimen  surface.  The  crack  extends  inward  to  the  0°  ply.  At  the  interface  of  the  45° 
surface  ply  and  the  0°  ply  within  the  BN  boundary,  the  crack  is  deflected  in  both  directions  and 
mns  parallel  to  the  0°  ply. 

The  type  of  hairline  cracks  observed  in  the  BN  interphase  of  specimen  97-B67c  were 
not  identified  in  any  of  the  other  specimens  except  what  has  already  been  discussed  for 
specimen  97-B49b-#l.  This  is  consistent  with  the  fact  that  damage  was  not  positively  detected 
by  the  NDE  techniques  for  the  other  specimens.  However,  difficulties  associated  with  polishing 
this  material  may  hinder  optical  verification.  The  graphitic  structure  of  the  BN  material  and  the 
existence  of  microcracking  allows  for  pull-out  when  polishing.  As  a  result,  spotty  areas  in  the 
BN  make  fine  hairline  cracks  difficult  to  discern.  Successful  polishing  procedures  were  found  to 
include  using  low  weight  and  minimal  polishing  fluids. 

7.2.2  Fast-Fracture  Specimens 

One  specimen  from  each  microstructure  that  had  been  fracture  tested  was  also 
sectioned  and  polished  for  inspection.  Observations  made  from  these  specimens  showed  good 
correlation  to  the  NDE  images.  In  these  specimens,  a  larger  stand-off  of  the  cracks  make  them 
easily  detectable  by  the  NDE,  especially  in  the  x-ray  radiographs.  An  example  of  this  is  given  in 
Figure  7.9  for  specimen  97-B59,  which  has  the  finer  microstructure. 
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Pictured  in  this  figure  are  the  radiography  image  and  schematic  drawings  of  the  damage 


found  on  four  different  polished  surfaces.  Interlaminar  delaminations  and  through- thickness  type 
cracks  could  be  identified  in  the  successive  cross-sections.  The  interlaminar  cracks  are  shown 
to  mn  left  and  right  whereas  the  intralaminar  cracks  are  shown  to  mn  up  and  down  on  the 
schematic  drawings.  Each  section,  except  for  #1,  contained  both  an  interlaminar  crack  between 
the  -45°  front  surface  ply  and  the  neighboring  0°  ply  as  well  as  a  through- thickness  type 
intralaminar  crack  within  the  -45°  surface  ply  on  the  right  side  of  the  notch.  The  interlaminar 
crack  identified  between  the  surface  plies  was  observed  to  get  longer  with  each  successive 
section.  It  was  also  observed  that  with  each  successive  section  the  through- thickness  type 
crack  in  the  -45°  surface  ply  appears  farther  away  from  the  center  notch  plane.  This 
observation  was  consistent  with  the  "fanning  out"  of  the  damage  zone  in  the  -45  direction  on  the 
right  side  of  the  notch  detected  by  the  x-ray  radiograph. 

On  the  left  side  of  the  notch,  both  delamination  and  through- thickness  type  cracks  were 
identified  between  the  inner  plies  of  the  specimen.  Cracks  appeared  to  get  farther  away  from 
the  center  in  sections  #2  and  #3  as  they  followed  the  445°  angle  of  the  cell  bundles.  The  same 
damage  identified  in  sections  #2  and  #3  did  not  appear  in  section  #4.  In  section  #4  a  crack  at 
the  front  surface,  which  is  an  extension  of  the  delamination  from  the  right  side  of  the  center  notch 
plane,  was  identified.  In  the  x-ray,  the  damage  zone  to  the  left  of  the  notch  was  not  observed  to 
continue  "fanning"  across  the  width  of  the  specimen.  Accordingly,  damage  appeared  more 
extensive  in  sections  closest  to  the  notch  tip  (sections  #2  and  #3)  on  the  left  side  of  the  notch. 

Observations  made  of  polished  cross-sections  of  the  inspection  samples  from  the  failed 
fibrous  monolith  specimens  verified  that  almost  all  cracking  occurs  along  the  perimeter  of  the  cell 
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bundles  within  the  BN  interphase  boundaries.  Only  a  few  instances  were  documented  where 


the  cell  bundles  failed.  In  addition,  it  was  found  that  the  cusps  formed  in-between  the  impinged 
areas  along  the  0°  plies  seem  to  influence  damage.  Cracks  are  observed  to  occur  in  the  0°  plies 
at  those  points  or  cusps.  The  sharp  points  must  act  as  flaws  which  allows  for  crack  kinking  out 
of  the  cell  boundary  into  the  0°  ply. 

Other  types  of  defects  identified  in  the  microstructures  include  jagged  cell  edges,  skewed 
cell  bundles,  and  kinked  0°  plies.  None  of  these  defects  seem  to  influence  the  crack  path.  See 
the  micrograph  in  Figure  7.10  for  an  illustration  of  how  the  cracks  are  influenced  by  the  defects 
inherent  to  the  multi- filament  cross-ply  architecture  and  not  other  types  of  defects  named  above. 

7.3  Summary 

Observations  made  from  optical  inspection  are  consistent  with  the  WOF  and  NDE 
results  which  show  that  damage  is  not  accumulated  on  a  macroscopic  scale  until  near  failure. 
Cracks  directly  behind  the  notch  tip  are  evident  in  both  materials  at  each  loading  condition 
inspected.  Only  the  materials  tested  to  the  highest  loads  considered  in  this  study  show  evidence 
of  cracking  within  the  BN  boundaries.  A  greater  extent  of  fine  cracks  within  the  BN  boundaries 
were  found  in  the  material  with  the  larger  cells.  Cracks  were  seen  in-between  adjacent  45°  cell 
bundles  and  in  between  the  0°  and  the  45°  plies.  These  cracks  tended  to  be  about  a  cell 
boundary  in  length.  Other  observations  include  the  occurrence  of  large  displacements  between 
plies  in  the  composite  upon  fracture.  This  may  explain  the  large  increase  in  the  WOF  behavior 
at  loads  near  90%  of  the  failure  load.  Also,  it  was  determined  that  the  defects  created  by  the 
cross-ply  architecture  may  adversely  influence  the  fracture  behavior,  and  the  other  defects 
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associated  with  multi- filament  coextruded  microstmcture  did  not  noticeably  influence  the 
fracture  morphology. 
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Figure  7.1  Micrograph  at  6.3x  of  SfeN4-BN  fibrous  monolith  [-45/0/+45]s 
with  125pm  cells  (2- 1  mm  multi- filament  strands)  showing  crack  with  45°  orientation  coming 

from  the  notch. 
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Figure  7.2  Schematic  showing  the  strategy  used  for  sectioning  tested  specimens. 
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Figure  7.3  (a)  Micrograph  at  32x  of  showing  an  example  of  the  cracks  found  behind  the  notch 

in  the  case  of  each  single  load- unload  test. 


Figure  7.3  (b)  Micrograph  at  64x  of  illustrating  how  no  cracks  are  found  in  untested  notched 

specimens. 
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(c) 

Figure  7.4  (a),  (b),  and  (c)  Shows  a  crack  found  in  the  BN  around  the  notch  found  before 

polishing  down  to  the  notch  tip. 
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Figure  7.5  Micrograph  of  97-B49b  section  #1  after  polishing  down  through  the  notch.  There  is 

a  crack  adjacent  to  the  notch. 


crack  behind  the 
notch  tip 


Figure  7.6  Micrograph  of  97-B67c  section  #1  after  polishing  down  through  the  notch.  There  is 
a  crack  adjacent  to  the  notch  and  in  the  BN  boundary  near  the  notch. 
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(c) 


Figure  7.8  (a),  (b),  and  (c)  Shows  a  crack  which  appears  to  have  initiated  at  the  surface  in  the 


BN  and  was  deflected  at  the  junction  with  the  0°  ply. 
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Notch 


Figure  7.9  Microscopic  sections  compared  to  the  x-ray  radiograph.  Sketches  from  individual 
specimen  sections  were  drawn  from  polished  sections. 
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Figure  7.10  Micrograph  illustrating  that  even  in  the  presence  of  processing  defects  (skewed  cell 
bundles)  the  preferred  crack  path  is  the  cell  bundles  and  at  the  defects  formed  presumably  due 

to  the  impinged  0°  cells 
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CHAPTER  8 


SUMMARY  AND  CONCLUSIONS 


8.1  Summary 

This  investigation  has  addressed  the  issues  of  cell  size  dependence  and  notch  sensitivity 
on  the  fracture  behavior  of  a  SyST4-BN  fibrous  monolith  ceramic  through  mechanical  testing  and 
non- destructive  evaluation.  Fibrous  monoliths  (FMs)  are  fiber- less,  textured,  ceramics  that 
contain  "cells”  of  a  strong  phase  and  "cell  boundaries"  of  a  relatively  weak  phase.  Fabrication 
of  fibrous  monolith  materials  consists  of  traditional  powder  ceramic  processes  relying  heavily  on 
coextrusion  techniques  and  hot-pressing.  The  materials  considered  in  this  study  were  fabricated 
using  a  multi- filament  coextrusion  technique  where  multiple  coextruded  cells  were  re-extruded 
to  form  cell  bundles  and  the  resultant  microstructure. 

The  fracture  behavior  of  two  SfeN4-BN  fibrous  monolith  systems,  one  with  a  cell  size 
of  125  pm  and  the  other  with  a  cell  size  of  250  pm,  were  compared  to  each  other  and  to 
monolithic  ShN4.  The  materials  tested  were  fabricated  and  provided  by  Advanced  Ceramics 
Research,  Inc.  Each  fibrous  monolith  material  had  a  [-45/0/+45]s  cell  architecture,  a  75% 
volume  fraction  of  Si;N4,  and  bulk  density  of  3.06  g/cm3.  The  mechanical  behavior  was 
evaluated  through  room  temperature  fast- fracture  tensile  testing  of  straight- sided,  dogbone,  and 
modified  single-edge  notched  specimens  with  various 
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notch  to  width  ratios.  Limited  testing  was  also  performed  at  1 150°C.  A  number  of  load- 
unload  and  cyclic  fracture  tests  were  performed  at  room  temperature  in  conjunction  with  several 
non- destructive  evaluation  (NDE)  techniques  including  x-ray  radiography,  thermography, 
ultrasonic  c- scanning,  and  acoustic  emission  to  determine  the  critical  stages  of  damage  initiation 
and  evolution. 

The  mean  strength  values  obtained  from  testing  unnotched  straight- sided  specimens 
were  113  MPa  +13  MPa  for  the  material  with  the  finer  cell  size,  and  126  MPa  +4  MPa  for  the 
larger  cell  size  material.  The  mean  value  of  modulus  for  both  materials  was  found  to  be 
approximately  200  GPa  with  a  standard  deviation  in  each  case  of  15  GPa.  Two  dogbone 
specimens  from  each  microstructure  were  also  tested  in  order  to  address  the  effect  of  geometry 
on  the  strength.  The  mean  strengths  measured  for  the  material  with  the  125  pm  cell  size  were 
127  and  98  MPa  and  the  strengths  measured  for  the  material  with  the  250  pm  cell  size  were 
106  and  1 14  MPa.  Modulus  values  for  the  materials  were  approximately  250  GPa  and  175 
GPa,  respectively.  The  average  strength  measured  for  neat  Si4N4  material  was  approximately 
504  MPa,  while  the  average  modulus  was  280  GPa. 

The  damage  observed  in  both  fibrous  monolith  materials  included  widespread  inter- ply 
delamination,  and  failure  of  the  0°  plies  compared  to  brittle  fracture  of  the  neat  Si;N4  material. 
Cracks  in  the  fibrous  monolith  materials  tended  to  follow  a  path  around  and  between  cell 
bundles,  instead  of  the  more  desirable  torturous  path  around  single  cells  within  the  bundles  of 
the  multi- filament  coextruded  microstructures.  The  two  materials  tested  herein  not  only  had 
differing  individual  cell  sizes  but  also  different  cell  bundle  sizes  due  to  the  processing  technique. 
A  comparison  of  the  results  obtained  by  testing  straight -sided  specimens  of  the  two  different 
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fibrous  monolith  materials  show  that  there  is  statistically  no  significant  difference  in  the  strength. 


However,  a  larger  variability  in  strength  from  plate  to  plate  was  observed  for  the  material  with 
the  finer  microstructural  features.  It  was  suggest  that  the  increase  variability  might  be  attributed 
to  a  higher  percentage  of  processing  defects  combined  with  the  machine  of  the  tiles  and 
specimens. 

Fast- fracture  testing  of  unnotched  specimens  show  that  the  properties  of  the  fibrous 
monolith  materials  are  directly  related  to  the  amount  of  reinforcing  phase  in  the  uniaxial  direction, 
and  that  the  [- 45/0/-+45]  s  architecture  being  tested  in  this  study  may  not  provide  for  optimum 
fracture  resistance  compared  to  neat  SitN4  material.  Fibrous  monolith  materials  not  related  to 
this  study  were  used  to  address  the  effect  of  specimen  width  on  the  strength.  It  was  suspected 
that  the  tensile  results  measured  were  low  due  to  interaction  of  the  interlaminar  shear  stresses. 
The  outcome  of  this  experiment  was  inconclusive  due  to  the  limited  number  of  data  obtained. 
These  data  were  also  used  to  show  that  a  significant  difference  in  material  properties  can  result 
with  changes  in  processing,  thus  pedigree  of  the  fibrous  monolith  materials  should  be  considered 
when  comparing  data. 

Fracture  behavior  of  the  MSE(T)  SfelNU-BN  fibrous  monolith  specimens  tested 
continuously  to  failure  show  advantages  in  both  strength  and  total  work  of  fracture  over  the  neat 
material  in  the  presence  of  the  various  stress  concentrations  tested.  The  strength  for  fibrous 
monolith  specimens  with  a  notch- to- width  ratio  of  0.3  was  shown  to  be  about  9%  greater  and 
the  WOFt  was  as  much  as  80%  greater  than  the  neat  material.  In  general,  the  two  fibrous 
monolith  materials  showed  nearly  the  same  non-linear  behavior  for  a  single  notch  length  while 
the  neat  material  exhibited  behavior  that  was  linear  to  failure.  There  were,  however,  some 


166 


differences  detected  in  comparing  the  two  fibrous  monolith  materials.  The  material  with  the 
larger  microstmctural  features  showed  slightly  larger  failure  loads,  displacements,  damage  zones, 
and  total  work  of  fractures  over  the  material  with  the  finer  microstructure. 

When  comparing  the  behavior  and  fractures  for  the  various  notch  lengths  and  materials, 
it  was  found  that  the  fibrous  monolith  materials  exhibit  behavior  which  is  altered  by  the  length  of 
the  notch  while  the  neat  materials  exhibit  behavior  which  is  altered  by  the  stress  concentration  at 
the  notch.  The  neat  material  showed  identical  fracture  morphologies  for  the  various  notch 
lengths  and  showed  behavior  which  can  be  modeled  by  the  stress  intensity  factor  using 
equations  from  linear  elastic  fracture  mechanics  (LEFM).  The  LEFM  relationships  do  not 
correctly  model  the  notch  size  effect  in  the  case  of  the  fibrous  monolith  materials.  Although 
differences  in  the  fracture  morphologies  were  seen  at  the  various  notch  lengths,  the  net- section 
stress  is  a  more  feasible  prediction  of  the  behavior. 

The  mechanical  data  from  single  load- unload  and  cyclic  tests  on  the  fibrous  monolith 
materials  show  hysteresis  and  permanent  offset  when  tested  to  loads  between  25%  and  50%  of 
the  average  failure  load  (between  25  MPa  and  50  MPa)  for  the  respective  microstructures. 
Damage  was  also  evidenced  by  acoustic  emission  detection  at  loads  as  low  as  2  kN  for  both 
fibrous  monolith  materials.  Non- destructive  evaluation  techniques  including  x-ray  radiography, 
thermography,  and  ultrasonics  did  not  show  evidence  of  damage  at  test  loads  below  about  70% 
of  failure  for  each  material.  Only  specimens  tested  to  70%  of  the  failure  load  or  greater  showed 
an  indication  of  damage.  Even  then,  only  the  c- scans  and  thermography  were  able  to  detect  any 
cracking. 
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Mechanism  of  failure  in  flexure  for  Sf,N4-BN  were  identified  by  studies  at  the  University 


of  Michigan  as  crack  deflection,  interply  delamination,  crack  kinking,  and  cell  sliding.  Recently, 
it  has  been  postulated  that  pre-existing  microcracks  in  the  cell  boundary  phase  contribute  to  the 
damage  progression  through  crack  link-up  and  cleaving.  Damage  mechanisms  associated  with 
microcracking  at  the  lower  loads  are  consistent  with  relationships  seen  in  the  data  plots  and  the 
fact  that  no  damage  was  large  enough  to  be  identifiable  using  the  NDE  techniques. 

The  plot  of  work  of  fracture  versus  normalized  load  shows  that  around  75%  of  the  total 
energy  absorbed  occurs  after  testing  to  a  load  which  is  90%  of  the  failure  load  or  greater.  The 
WOF’s  associated  with  absorbed  energy  shows  that  the  two  materials  behave  similarly  until 
nearing  failure  where  the  dominate  energy  absorbing  mechanisms  may  be  associated  with 
delamination  crack  area  and  frictional  sliding.  At  fracture,  the  material  with  the  larger  cell 
bundles  shows  a  higher  work  of  fracture.  Nominally  the  values  of  maximum  absorbed  energy  at 
fracture  for  the  two  FM  materials  were  approximately  648  J/m2  and  885  J/m2,  respectively. 
Energy  absorption  based  on  these  macroscopic  mechanisms  shows  an  effect  of  the 
microstructure  feature  size  when  identical  volume  fractions  are  tested. 

Microscopic  inspection  of  the  single  load- unload  specimens  verifies  that  the  majority  of 
damage  due  to  testing  below  about  90%  of  failure  may  be  on  the  submicroscopic  scale,  as  only 
isolated  cases  of  damage  are  detectable  optically.  Fimited  through- the- thickness  type  cracking 
was  evident  at  the  notch  tip  for  the  specimens  tested  to  the  lowest  load  levels.  Only  the 
specimen  from  the  larger  microstructure  tested  to  about  94%  of  its  estimated  failure  load 
showed  other  types  of  damage,  including  fine  hairline  type  cracks  between  the  cell  bundles 
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within  the  45°  plies  and  between  the  0°  and  45°  plies.  In  general  the  interlaminar  type  cracks 


seem  span  the  length  of  a  cell  bundle  and  are  estimated  to  be  on  the  order  of  1pm  wide. 

Inspection  of  the  damage  on  polished  sections  from  failed  specimens  revealed  excellent 
correlation  with  the  NDE.  The  radiography  shows  the  most  detail  of  the  through- the-thickness 
type  cracks  and  delaminated  zones  compared  to  the  other  imaging  techniques.  Detection  of 
interlaminar  cracks  through  the  radiography  is  possible  due  to  the  occurrence  of  large 
displacements  of  the  plies  relative  to  one  another  upon  failure. 

Other  observations  made  from  the  polished  sections  show  that  the  damage  does  not 
seem  to  be  influenced  by  some  of  the  processing  defects  identified  in  both  fibrous  monolith 
materials.  Jagged  individual  cells  identified  within  the  cell  bundles  did  not  contribute  to  the 
damage  in  either  material  as  the  dominant  feature  in  the  microstructure  was  shown  to  be  the  cell 
bundles.  Neither  the  cell  bundles  which  became  skewed  or  kinked  from  binder  burnout  and 
hot-pressing  nor  the  cell  bundles  which  have  large  differences  in  individual  cell  sizes  within  were 
associated  with  preferred  crack  paths.  The  defects  associated  with  the  macrostructure  formed 
by  the  multi- filament  coextruded  cell  bundles  as  a  result  of  the  cross- ply  architecture  did  show 
to  be  analogous  with  the  damage  in  both  fibrous  monolith  materials. 

8.2  Conclusions 

The  fracture  behavior  of  the  SfN4-BN  materials  tested  in  this  study  show  non- 
catastrophic  behavior  compared  to  monolithic  Si4N4-BN  when  tested  in  tension.  The  greatest 
advantage  of  the  fibrous  monoliths  tested  over  the  neat  materials  was  shown  to  be  in  the 
presence  of  a  stress  concentration.  The  fibrous  monolith  materials  are  insensitive  to  the  stress 
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concentration  at  the  notch,  presumably  resulting  from  the  weak  BN  and  the  existence  of  pre¬ 


existing  microcracks  in  the  cell  boundaries.  The  notch  length  effect  observed  was  best 
described  by  the  net- section  stress. 

The  influence  of  individual  cell  size  on  the  fracture  behavior  of  the  fibrous  monolith 
materials  could  not  be  determined  by  this  study  since  bundle  sizes  were  not  held  constant.  Cell 
bundle  size  was  shown  to  have  an  influence  on  displacements,  extent  of  damage,  and  fracture 
energies.  The  trend  in  absorbed  energy,  the  NDE  results,  and  the  microscopic  inspection 
indicate  that  damage  evidenced  by  non-linear  load- displacement  behavior  may  be 
submicroscopic  up  to  relatively  high  loads.  It  is  presumed  the  damage  incurred  initially  is 
consistent  with  mechanisms  of  microcracking  while  macroscopic  dissipative  mechanisms 
associated  with  delamination  cracking  and  frictional  sliding  dominate  near  failure.  Energy 
absorption  based  on  the  macroscopic  mechanisms  shows  an  effect  of  the  microstructural  feature 
size  when  materials  of  identical  volume  fractions  are  tested. 

Future  research  aimed  at  better  characterizing  progressive  damage  mechanisms  in  the 
sub-millimeter  structure  of  the  material  is  needed  to  correctly  model  and  predict  fracture 
behavior  of  these  materials.  Other  non- destructive  evaluation  techniques,  such  as 
interferometry,  may  be  better  suited  for  detecting  the  small  displacements  presumably  caused  by 
the  linking  of  microcracks  and  the  cleaving  of  BN  grains.  Better  resolution  of  the  ultrasonics 
and  thermography  methodologies  utilized  may  be  possible  as  well  using  variations  of  the 
techniques  and  equipment.  Since  crack  area  creation  and  sliding  mechanisms  seem  to  dominate 
at  failure  in  tension,  interfacial  energy  parameters  obtained  for  tensile  loading  conditions  and 
specimen  geometries  are  warranted  as  well.  Further  testing  and  analysis,  using  laminate  theory 


170 


equations,  may  be  needed  to  address  some  of  the  issues  found  from  tension  testing  including  the 


relationship  between  cell  architecture,  stress  state,  and  specimen  width.  Further  efforts  to 
quantify  the  material  toughness  parameters  might  also  consider  using  larger  width  specimens  and 
various  ao/W  ratios  to  validate  existing  fracture  mechanics  analyses.  A  more  ideal  material  for 
future  study  would  include  only  single  cells  versus  multi- filaments  due  to  the  inherent  defects 
formed  by  the  macrostructure. 
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APPENDIX  A 


CALCULATION  OL  G  LOR  COMPLIANCE 


G  ( energy  release  rate  )  was  needed  to  calculate  a  theoretical  compliance  used  to  find 
modulus  of  the  MSE(T)  specimens.  G  is  dependent  on  the  height-to- width  ratio  and  the 
notch  length- to  width  ratio  for  the  MSE(T)  specimen.  Constants  used  to  solve  the  equation 
below  were  developed  by  John  and  Rigling36. 

6 

G  =  2.9086  +  £  Ci  (a/wy 
i=l 


(l-a/W)3/2 


Where 

3 

C;  =  £D;j  [log(HAV)]1 

j=0 


And  Dij  = 


i 

i=o 

j=l 

i=2 

i=3 

1 

-6.0503e+00 

1.4389e+00 

-1.2694e+00 

Oe+OO 

2 

-1.4413e+00 

2.2670e+01 

-8.8785e-01 

Oe+OO 

3 

6.4384e+00 

4.7573e+00 

-5.2142e+01 

0e+00 

4 

5.7307e+01 

-2.0564e+02 

2.4435e+02 

0e+00 

5 

-7.7132e+01 

3.0193e+02 

-3.2597e+02 

0e+00 

6 

3.0795e+01 

-1.2485e+02 

1.3534e+02 

3.8746e-01 
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APPENDIX  B 


PREDICTION  OF  STRENGTH  FOR  Si3N4-BN  FM  FROM  FITERATURE  VAEUES 


A  rough  estimate  of  strength  was  obtained  using  a  value  reported  by  Staehler34,  of 
WPAFB,  OH,  for  unidirectional  [0]  SfN4-BN  fibrous  monolith  material  with  85%  SfN4. 
which  was  495  MPa.  This  value  was  adjusted  to  account  for  the  percent  of  plies  in  the 
loading  direction  in  the  materials  tested  in  this  study  which  had  a  ply  lay-up  of  [-45/0/+45]s 
by  assuming  that  there  was  no  contribution  of  the  45°  plies  to  the  strength.  The  reported 
value  was  also  adjusted  for  the  difference  in  the  volume  fraction  of  the  S%N4  phase.  The 
materials  tested  in  this  study  had  a  volume  fraction  of  SisN4  of  75%. 

Hie  calculation  was  as  follows: 

2  plies  /  6  plies  had  a  0°  orientation  in  the  material  tested  in  this  study  33% 

Since  Staehler34  reported  a  volume  fraction  of  SfeN4  of  85%: 

volume  fraction  adjust  was  — >  75%  /  85% 

Thus  the  strength  prediction  using  the  reported  value  is: 

0.33  x  (0.75  /  0.85)  x  495  MPa  „  144  MPa 


The  same  strategy  was  used  for  the  reported  value  of  strength  in  unidirectional 
material  with  a  80%  volume  fraction  of  S(N4  by  ACR.,  Inc.35 

0.33  x  (0.75  /  0.80)  x  379  MPa  „  1 17  MPa 
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APPENDIX  C 


PREDICTION  OF  STRENGTH  FOR  Si3N4-BN  FM  FROM  NEAT  DATA 


A  rough  estimate  of  strength  was  obtained  using  a  value  reported  in  the  literature  for 
monolithic  SiiN/1  by  assuming  that  there  is  no  contribution  of  the  45°  plies  and  no 
contribution  of  the  BN  to  the  tensile  strength.  For  the  FM  materials  tested  in  this  study  the 
total  fraction  of  Si3N4  was  approximately  75%,  but  only  two  plies  of  composite  had  cells  in 
the  uniaxial  direction  due  to  the  [-45/0/+45]s  lay-up. 

2  plies  /  6  plies  =  33% 

Since  the  total  fraction  of  SfN4  in  the  composite  is  75%: 

0.33x0.75  =0.25 

Therefore  the  fraction  of  the  Si3N4  cells  in  the  loading  direction  (by  volume)  is 
approximately  25%.  Therefore,  the  strength  is  estimated  to  be: 

0.25  x  504  MPa  „  126  MPa 
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APPENDIX  D 


HYPOTHESIS  TEST  OF  VARIABILITY 


To  verily  that  there  is  no  significant  difference  in  the  unnotched  tensile  strength  generated 
for  the  FM  materials  with  the  125  pm  and  the  250  pm  cells,  respectively,  a  hypothesis  test 
of  variance  was  performed50'51.  Assumptions  made  include  that  the  sample  taken  is 
representative  of  the  population  and  that  the  population  follows  a  normal  distribution. 

FM  125  pm  cells  (1):  Si  =  113,  std  dev.  (Sdi)  =  13,  number  of  samples  (ni)  =  4 

FM  250  pm  cells  (2):  s2  =  126,  std  dev.  (Sd2)  =  4,  number  of  samples  (n2)  =  4 

Null  hypothesis:  HO:  pi  =  p2 
Alternate  Hypothesis:  HI:  pl<p2 

Sp  =  SQRT  [  ((m-1)*  (Sdl)2  +  (n2-l)*  (Sd2)2  )  /  (n1  +  n2-  2)  ]  ~  9.617 

t  statistic  :  t0=  (  Si  -  s2 )  /  Sp  *  SQRT  [  (1/  ni)  +  (1/  n2)  ]  ~  -1.911 

degrees  of  freedom:  (ni  +  n2  -2)  =  6 

using  a  95%  confidence  interval:  t(0.05,v)  =  1.943  (table  look  up) 

to<  -t(0.05,v)  ?  NO 

Conclusion:  Accept  HO,  reject  HI.  No  difference  in  strength  between  two  materials. 
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APPENDIX  E 


NOTCH  SIZE  EFFECT  PREDICTION  FOR  NEAT  Si3N4  USING  LEFM 

Kq  =  •  F(aoAV) 


Where  ois  taken  at  failure  and  ao  as  the  initial  notch  length 


CMOD  (mm) 


F(aAV)  used  was  found  using  constants  developed  by  John  and  Rigling36  for  the  MSE(T) 
specimen  geometry 

6 

F=  1.1215  +£  Ai(aAV)1 
i=l 


(l-a/W)3/2 

Where 

2 

Ai  =  ^  B.j  [log(H/WjjJ 
i=0 
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APPENDIX  E  (con’t) 


And  Bjj  = 


i 

i=o 

i=i 

i=2 

1 

- 1.607  le+00 

-2.5295e-01 

1.4856e-01 

2 

-4.0053e+00 

1.9198e+01 

-8.731  le+00 

3 

1.1513e+01 

-5.0147e+01 

2.1296e+01 

4 

-5.8413e+00 

3.0109e+01 

3.8125e+00 

5 

-4.6316e+00 

1.4478e+01 

-3.7584e+01 

6 

3.4420e+00 

-1.3352e+01 

2.1050e+01 

For  a0/W  of  0.3  and  average  failure  load  of  =  2.05  kN,  F  was  found  to  be  ~  1 .377  and  Kq 

=  7.9  MPavm. 

For  an  average  Kq=  7.9  ^/MPa,  the  prediction  for  applied  stress  versus  a(/W  was  found  by 
varying a0  from  a,/W  0.2  to  0.9  through  equation: 

o=(7.9)/(1.377^a0) 
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APPENDIX  F 


NOTCH  SIZE  EFFECT  PREDICTION  FOR  Si3N4-BN  FM  USING  LEFM 


Kq  =  cW#  •  F(aAV) 

Where  is  taken  at  1)  the  onset  of  non-linearity  using  ao  as  the  initial  notch  length 


-  40 


30 


50 


20 


10 


CMOD  (mm) 


F(a/W)  used  was  found  using  constants  developed  by  John  and  Rigling36  for  the 

MSE(T)  specimen  geometry 
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AE  Event  Count 


APPENDIX  F  ( con’t) 


6 

F=  1.1215  +  £  Ai(aAVy 
i=l 


(l-a/W)3/2 


Where 

2 

Ai  =  ^  B,j  [log(H/W)f 
i=0 


And  Bjj  _ 


i 

i=o 

i=i 

j=2 

1 

- 1.607  le+00 

-2.5295e-01 

1.4856e-01 

2 

-4.0053e+00 

1.9198e+01 

-8.731  le+00 

3 

1.1513e+01 

-5.0147e+01 

2.1296e+01 

4 

-5.8413e+00 

3.0109e+01 

3.8125e+00 

5 

-4.6316e+00 

1.4478e+01 

-3.7584e+01 

6 

3.4420e+00 

-1.3352e+01 

2.1050e+01 

(1)  For  a0/W  of  0.3  and  average  load  at  the  onset  of  non-linearity  (at  first  AE  event)  of  ~  2.0 
kN,  F  was  found  to  be  ~  1 .38 1  and  Kq  ~  7  MPavm. 


For  KQand  F,  the  prediction  for  applied  stress  versus  ao/W  was  found  by  varying  a0  from  ao/W 

0.2  to  0.9  through  equation: 

G=  (Kq)  /  (FV#o) 


184 


APPENDIX  G 


CALCULATION  OL  LRACTURE  ENERGY 


Equations  used  by  Kovar  and  Thouless18,19, 25,49  for  calculating  the  energy  absorbed  in 
flexure  due  to  crack  area  formation  (Wc)  and  the  absorbed  energy  due  to  frictional  sliding 
(Ws)  were  used  to  estimate  a  difference  in  absorbed  energy  between  the  two  fibrous 
monolith  materials  tested  in  tension  in  this  study.  The  equations: 


(1)  WC  =  WL  +  W1 


=  d  A,  +  rA 


(2)  Ws  =  ngAxs 

(3)  Total  energy  =  Wc  +  Ws 

WL  =  absorbed  energy  from  cracking  cells 

W;  =  absorbed  from  cracking  in  the  cell  boundaries 

Il=  fracture  resistance  of  the  cells 

Pi  =  fracture  resistance  of  the  cell  boundaries 

AL=  the  cell  area 

A;  =  the  interfacial  area 

Ws  =  absorbed  energy  due  to  frictional  sliding 

n  =  the  number  of  cell  slipping 

§=  the  distance  slipped 

Xs  =  the  frictional  sliding  resistance  for  cracked  cell  boundaries 

Values  for  pL  ,  D  >  5*  and  xsfor  Sf^-BN  materials  using  flexure  techniques  as  found  in  the 

literature  were  used. 
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APPENDIX  G  (con’t) 


H  =  120  J/m2 
H  =  30  J/m2 
5=  2  mm 
Xs=  0.3  MPa. 

Values  for  WC  and  WS  for  absorbed  energy  was  made  using  specimen  dimensions  tested 
in  this  study.  Assumptions: 

1. )  energy  absorbed  is  due  to  cell  bundle  cracking  and  sliding 

2. )  energy  absorbed  is  solely  due  to  fracture  of  the  0°  plies 

3. )  cell  bundles  can  effectively  be  modeled  as  rectangles  where  the  widths 

are  1  and  2  mm,  respectively,  for  the  two  respective  materials  and  the  heights 
are  equal  to  the  ply  thickness  in  each  case  which  are  all  touching. 


.9.5  cell  bundles  (2-2  mm  strand  FM  material) 


Since  there  are  2  out  of  6  plies  oriented  in  the  0°  or  loading  direction,  thickness  of  one  ply: 
=  2.92  mm  /  6  plies  =  0.4867  mm  for  (2- 1  mm  material) 

=  4.35  mm  /  6  plies  =  0.725  mm  for  (2-2  mm  material) 

Therefore, 

cell  bundle  area,  Al  (2-  1mm)  =  2  [  19  (1mm  *  0.4867mm)  ]  =  18.49  mm2 
cell  bundle  area,  Al  (2- 2mm)  =  2  [  19  (2mm  *  0.0.725mm)  ]  =  27.55  mm2 
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3  3 


APPENDIX  G  (con’t) 


Since  the  area  fraction  of  the  BN  phase  in  the  material  was  found  to  be  25%: 

cell  bundle  boundary  area,  A,  (2-  1mm)  =  0.25  Al  =  4.62  mm2 

cell  bundle  boundary  area,  A  (2- 2mm)  =  0.25  Al  =  6.89  mm2 

Wc  (  2-  1mm)  =  [120  J/m2  *  (18.49e-6  nr  -4.62e-6  m2)]  +  [30  J/m2  *  (4.62e-6  m2)] 

=  0.001803  J 

Wc  (  2- 2mm)  =  [120  J/m2  *  (27.55e-6  nr  -6.89e-6  m2)]  +  [30  J/m2  *  (6.89e-6  m2)] 

=  0.0026859  J 


The  value  for  Ws  was  calculated  for  each  material  using: 
n(2-lmm)  =  2*  19  =  38 
and 

n  (2- 2mm)  =  2  *  9.5  =  19 


and  the  values  given  earlier. 

Ws  (2-  1mm)  =  38  *  0.002m  *  0.00462  nr  *  0.30  MPa  =  0.00010534  J 
Ws  (2- 2mm)  =  19  *  0.002m  *  0.00689  nr  *  0.30  MPa  =  0.00007855  J 


Total  absorbed  energy  (2-  1mm)  =  Wc  +  Ws 
=  0.001803  J  + 0.00010534  J 
=  0.001908  J 

Total  absorbed  energy  (2-  2mm)  =  Wc  +  Ws 
=  0.0026859  J  +  0.00007855  J 
=  0.002765  J 


The  ratio  of  the  values  were  found: 

+  Ws  (2- 1  mm)  =0  001908 
+  Ws  (2-2  mm)  0.002765 

=  0.69  _>  [(0.69*- 1)  +  1]*100  =  31% 
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This  shows  that  absorbed  energy  in  the  material  with  the  larger  cell  bundles  absorbs 
approximately  31%  more  energy  using  this  analysis. 
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